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1. INTRODUCTION

During the analysis of 120-mm gun firings designed to look at the interior ballistic characteristics of

combustible cartridge cases (Robbins, Koszoru, and Minor 1986), interior ballistic simulations using

XNOVAKTC (XKTC) (Gough 1980) were in agreement with measured pressure-time curves and

pressure-difference curves. IBHVG2 (Anderson and Fickie 1987) calculations gave a maximum breech

pressure that was 42 MPa higher than measured. Parametric studies were performed using XKTC to

attempt to attribute this disparity to the various processes omitted from IBHVG2. The boattail intrusion

was calculated to account for 14 MPa, with effects of flamespreading and intergranular stress acounting

for 3 MPa each. Subsequent calculations (Robbins 1986) indicated chambrage, propellant packaging, wave

dynamics, and multiphase effects (the solid propellant velocity lag and concomitant formation of an ullage

region between the projectile base and the propellant bed) as contributors to the differences between the

lumped-parameter and two-phase interior ballistic codes. Further s;tudy demonstrated that the influence

of chambrage and propellant velocity lag could be represented in an analytic gradient equation (Robbins,

Anderson, and Gough 1990). This report extends both the traditional Lagrange gradient equation, and the

chambrage gradient equation, to account for boattail intrusion. It compares the analytic pressure gradient

with that predicted by XKTC and assesses the extent to which the effects of boattail intrusion account for

the differences in ballistic predictions.

The family of NOVA codes, of which XKTC is the latest version, has been used with uncompromised

databases to model gun systems successfully (Robbins, Koszoru, and Minor 1986; Robbins 1983; Robbins

and Horst 1984). Since XKTC calculates the pressure gradient from first principles, and agrees with gun

firings, XKTC simulations are assumed correct. Accordingly, all the lumped-parameter computer runs,

with the different boattail gradients, are compared with equivalent XKTC computer runs.

1.1 Models. The analysis of the chambrage gradient equation can be traced back as far as Vinti

(1942). The analyses of the chambrage gradient equation, the original analyses of the propellant velocity

lag gradient equation, and the combination of the two were done by Gough (Robbins, Anderson, and

Gough 1990), who is also responsible for the initial development of the boattail gradient equation (Gough

in preparation). Similar analysis for the chambrage gradient for a different purpose has also been

performed (Morrison and Wren 1989). Reasonable assumptions for the accommodation of a boattail

intrusion were made, and this document represents the complete analysis.



1.2 Influence of Chambraae With a Boattail Intrusion. For the chambrage gradient equation with

boattail evects, the propellant is assumed to be uniformly distributed between the breech and the base of

the projectile. The variation in tube area is assumed to be confined to the chamber, while the area of the

bore is constant. The boatuail is assumed to be a right circular cylinder. This keeps the solution consistent

with the simplicity of the lumped-paramneter code, reduces computation time (cuts down on integration)

and greatly simplifies the derivation.

The continuity and momentum equations for the unsteady flow of a homogeneous, inviscid substance

through a tube with variable area are

Ap) + (pAu) , ()

p_ pu+P . + .p . , (2)

where

A = cross-sectional area

P = pressure

p = density

u = velocity

t = time

z = distance.

The system to be modeled is shown in Figure 1. With reference to the figure,

za = distance from breech to aft end of projectile

zp = distance from breech to base of projectile

AA = cross-sectional area of the boattail

ABA = cross-sectional area of projectile base (excluding boattail)

AB = cross-sectional area of bore

AB = AA + ABA

A = cross-sectional area of chamber

Ai = cross-sectional area of the tube in the area of the boattail
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A = + AA

also

VP = projectile velocity

V(zt) = volume up to position z, at time t

A(z,t) = area at position z, at time t

V(zp) = volume up to base of projectile.

M

za 
M SEC M-M

zp

Figure 1. The system to be modeled.

The analysis, a detailed version of which is shown in Appendix A, considers two regions separately, the

region from the breech to the aft end of the projectile and the region from the aft end of the projectile to

base of the projectile. The analysis starts with the Lagrange assumption

ap

For

0 s z za,

the velocity, from the continuity equation (1), is

u(zAt) = ABVpV(z't) (4)

V(zp)A(z,t)
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and the velocity for

za < z & zp

is

u(z,t) - ABVPV(z't) AAVp
V(zp)A(zt) A(z,t)

For the portion of space behind the projectile, 0 s z < za, calculations of the pressure distribution from

the breech to the aft end of the projectile can be performed by taking:

P(z,t) = pressure at z and t

P(za,t) = P(za) = pressure at aft end of projectile at time t

C = total charge mass

PBR = pressure at the breech

PB = pressure at the base of the projectile

PRES = resistive pressure to the motion of the projectile

NIp = mass of the projectile,

projectile acceleration,

Vp W P(za)AA + PBABA - ABPREs (6)
M p

then using (4) and the momentum equation (2), P(za) can be written as

P(za) za o(t)PBR + zal(t) + za2(t)PB. (7)

where

1
Za(t) - _

1+ CABAAQI(za)
V 2(zp)Mp

4



CA2 2 Qza CA2 P V22
BA1VQ 1 za CBPRESQIa) CA 8VQ 2(Za)

za1(t) = V ZP) V 2(Zp)M P 2V3 (zp)

[i+CABAAQI(za)]

CABABAQI(Za)

za2(t) V ____________[ CABAAQ(za)1
V + 

2 (zp)M~ j

and
Za

Q1(za) f JV(za) az
0 A(za)

Q2(za) =V 
2(za)

A 2(za)

where

za =Jim --)za -E

The pressure distribution P(z) is

P(Z) = PI1R + a3 (t) + a5 (tOPBR + a4(t)PBfQ 1 (Z) +b(O)Q 2 (/). 9

where

2 2 Azlt CA2CABVP _CABAA +~t CBPRES
a3 (t) = -____ - _______ I ______

v3 (zp) V (zp)M P
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a4Q -CABAAza 2(t) CABABA
V 2NZP)M, P V 2Zp)M

a5 - CABAAzaO(t)

V 2(zp)M P

NO - B PV

2V N(zp)

Q1  J = 2~2.z)

and

V 2(z)

Now, focusing on the portion from the aft end of the projectile to the base of the projectile..

za -< z :s zp,

P(z) = zao(t)PBR + zal(t) + za 2(t)PB + ft + a3(t)Ql(za 4,t)

+ a4(t)PBQI(za +,t) + a5(t)PBRQI(za +,t) + C3(t)Q3(Za +,')

+ C4(t)PIBQ 3(za ',t) + c5(t)PBRQ3(za +,t) b(t)Q2(zlt)

+ h1Q4(zlt) + 00 1 05 zt + k, , (9)
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where

pv AAAB
V 2(zp)

2V(zp)

za + = IimVza + E

CVP2AB2V2(za) CV 2AAA BV(Za +) CAA2vP2
k, p B_ _ _ _ __ _ __ _ + A__ _p_

2V 3(zp)A 2 za ~) V 2NZp)A 2Nza +) 2V(zp)A 2(Za +)

Q4(zt) =V(ZAt)

A 2(71)

Q5(zz~t)

z

Q3(zat) fA(z,t)
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2 2
CA2zal(t) CAAABPRES CV 2AAAc3(t) A _ B
V(zp)M p V(zp)Mp V 2(zp)

2
CAAABA CAAza2(t)

C4(t) = +
V(zp)Mp V(zp)MP

and

C5(t) = Azt)
V(zp)Mp

fk = jump in pressure across the boattail

An analysis by Kooker (April 1991) indicates that the pressure drop across the boattail (which in a

one-dimensional analysis is equivalent to determining the pressure drop across a moving discontinuity in

area, Figure 2) is given by:

LVP

Figure 2. Presentation of a moving area in tube.

Mass balance:

pl(Ul - Vp)Al = P2(u2 - Vp)A2 I= rh (10)
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Momentum balance:

P2U2(U2 -Vd)A 2 - PIUI(U1 - Vd)A1 - PIA, - P2A2 + PmMi(A2 -A,)

W ( 2  p 1)[A 2

since
PIV = an (PI + P2).

Thus,

W2 P)= 2p(u 1  - V p)A 1(U2  -U1) 
(12)

(P 2  Al + A2

where
A,1 A(za-),

A2 =A(za+),

PI= P2 VCp

U, u(za-),

U2=u(za+),

or

-2 -H2 c VA(z--. AA[ A1BV(za) ]2(13)
-2 -I Np PA(za ) LV(zp)A(za )

(A(za D+ A(za +))

9



We are now at a point where the projectile base and breech pressure can be determined. For use in

lumped-paramcter interior ballistic models, the gradient equation is usually cast in terms of the mean

pressure (Pm):

PP
pfA(z,t)P(z.t)a/

p zp

fA(z.t)iz

Substituting the pressure distribution and integrating,

Pm b,(zpt) + b2(zPt)Pa + b3(ZP,t)PBR (15)

-there

a3(t)Q7(za) + a3(t)Q 9(zp) + b(t)Q6(zp)bl(zp,t) =~pI\P -V(zp)

zal(t)(V(zp) - V(za)) + fk(V(zp)-V(za))

V(zp)

c3(t), (z-) + h1Ql(zp) + j1Q3(zp)

V(zp)

k,(V(zp) - V(za))
+ _

V(zp)

a4(t)Q 7(Za) + a4(t)Q 9(zr) - za-(t)(V(zp) - V(za))b2(zP,t) -
V(zp)

c4(t)Q 8(zp)
+ __ _ _

V(zp)
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b3(ZPAt) -V(za) + a5(t)Q 7(za) + a5(t0Q 9(zp)
V(zp)

Za0(LX(V(ZP) -V(Za)) + C5Q8(ZP)

V(zp)

Zp

Q6(ZP) Z= (Oaz,
01 A(zAt)

and
lza

Q7(za) =fA(z, t)fV(z4t) ozai

0p 0

Q8zp =f Az)f A(z,t)
za - z~a

Q9(zp) = f A(zAt) zVQ 1t)az

P(zp) can be determined fromn (9) and can be written as

r~zp) = P1 1= 13 B~)IR + I I ___t (16)
12(ZP't) 12('PAt)

where

I,(zp,t) = za,(t) + fk + a3(t)Q 1(ZP) + C3(t)Q 3(ZP)

+ b(t)Q2(ZP) + h1Q4(ZP) + j1Q5(ZP) + k,



12(ZP,t) - 1 - za2(t) - a4(t0Ql(zp) - C4(t)Q3(zp).

IONp~) - Z40(t) + a5(t)Q(PP) + C5(t)Q 3(ZP),

ZP V(z~t)~
Ql~zp) A(z,t) ,

V 2 (zp)
Q2Z) A 2 (zp)

Z zp

Q3(ZP) f= x-
A(zt)

V(zp)
Q4(Z) =A 2 (zp)

and

Q5(ZP) = 2 1__

A 2(zp)

Thcrcforc, (15) and (16) arc solved simultaneously:

PM b 1(zp,t) I I (zp,t)

P B 3(p b3(ZP~t) l3(zp,t) (17)
b2(ZP't) 12(ZP't)
b3(ZPO) l3(ZP't)

12



and 12(zP,t) 1(zpt)(
PBR = - B- (18)

l3(zp,t) B - 3(zp~t)

The energy in the fluid is represented by

dE = 2uldm , (19)

dm = pAdz

and using (4) and (5),
zp

E = fdE - b(t)Q6(zp) - hQl(zp) - j1 Q3(zp) . (20)

0

2. CALCULATIONS

Interior ballistic simulations were performed with IBRGAB (Appendix B-an interior ballistic code

into which the boattail gradient had been incorporated) to inveshigate the influence on the interior ballistic

trajectory of a flat-based projectile with a boattail (with and without chambrage). The same simulations

were done with XKTC using XKTC databases as consistent with those of IBRGAB as the physical scope

of XKTC allows.

The calculations performed with IBRGAB involved databases with evenly distributed, seven-perforated

propellant having an initial porosity of 0.4579 and zero barrel resistance, and assumed the propellant

ignited at an initial instant. All calculations were performed for a flat-based projectile with and without

a boattail and no heat loss.

The parameters used in the computer codes were:

Bore diameter 127 mm

Volume .01 m3

Travel 4.572 m

Propellant mass 9.0 kg

Projectile mass 2.25, 9.0, 36.0.

13



Propellant characteristics were:

Impetus .1136 x 107 J/kg

Covolume .976 x 10-3 m3/kg

Gamma 1.23

Flame temperature 3,143 K

Molecular weight 23.0 kg/kg mole

Density .16605 x I0e kg/rn 3

Burning rate .00110519P10 m/s (P is in MPa).

The maximum breech pressure studied in IBRGAB was 500 MPa. It was obtained by varying the

outer diameter of the propellant grain, while holding the grain length constant at .03175m. Calculations

were performed for a combination of four chambers, each with four boattail values:

1) 0% chambrage with 0, 5, 10, 15% boattail

2) 5% chambrage with 0, 5, 10, 15% boattail

3) 10% chambrage with 0, 5, 10, 15% boattail

4) 15% chambrage with 0, 5, 10, 15% boattail.

The chamber with 0% chambrage and 0% boattail is a straight tube with the chamber diameter equal to

the bore diameter. The 5, 10, and 15% chambrage chambers were obtained by adding 5, 10, and 15% of

the bore diameter, respectively, to the diameter of the breech for the 0% chambrage chamber. With the

increase in chambrage, there is a decrease in chamber length to keep the volume constant. The breech

diameter increases from .127 m to .146 m (0 to 15%), while the chamber length decreased to .78430 m

from .90782 m. The boattail length is held constant at .508 m and the boattail percentages simply

represent that fraction of the constant chamber volume. The different chambrage and boattail

combinations are arranged in tables according to the ratio of the charge mass to the projectile mass (c/m).

In the tables, the nomenclature, bt, refers to the boattail and ch refers to chambrage. Each maximum

breech pressure and muzzle velocity drop is clearly seen in both XKTC and IBRGAB portions of the

tables. Table I gives the baseline maximum breech pressures and muzzle velocities for each c/m in

XKTC and IBRGAB. In IBRGAB, maximum breech pressure is forced to 500 MPa by varying the grain

diameter. An equivalent XKTC database was then made to yield the values given. Tables 2 through 4

contain the explicit results of the different combinations of boattail and chambrage, emphasizing the effects

of the boattail for c/m of .25, 1.0, and 4.0. For example, in any table, to go from the baseline calculation

14



to a 10% boattail and a 5% chambrage, a boanail is added which is 10% of the chamber volume, and the

chamber description is altered by adding 5% of the bore diameter to the diameter of the breech. Arranged

in the same form are tables 5 through 6 depicting the differences from the effects of the boattail. The

differences are obtained by subtracting either the 5, 10, or 15% boattail result from the baseline result.

These values allow each table to clearly illustrate that a larger boattail combined with a larger chambrage

give a greater drop in maximum breech pressure and to show the maximum breech pressure drop increases

while the c/m ratio increases.

3. RESULTS

3.1 Baselines.

Table 1. Baselines (0 Boattail, 0 Chambrage)

C/M XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE
- BREECH VELOCITY BREECH VELOCITY O.D.

(MPa) (m/s) (MPa) (m/s) (m)

.25 502.6 898.8 500.0 899.5 .016599

1.0 540.3 1,641.3 499.9 1,596.8 .009879

4.0 512.8 2,538.4 499.9 2,342.6 .007237

3.2 IB Calculations With Boattail and Chambrage.

Table 2. IB Calculation With Boattail and Chambrage, C/M of .25

OUTPUT XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE
%bt %ch BREECH VELOCITY BREECH VELOCITY

(MPa) (m/s) (MPa) (m/s)

00 00 502.6 898.8 500.0 899.5

05 00 501.0 897.9 497.9 898.9

10 00 496.1 J 896.8 495.9 898.3

15



Table 2. lB Calculation With Boattail and Chambrage, C/M of .25 (continued)

OUTPUT XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE
%bt %ch BREECH VELOCITY BREECH VELOCITY

(MPa) (m/s) (MPa) (mis)

15 00 497.8 896.1 494.0 897.8

(X) 05 500.6 898.2 497.8 898.8

05 05 4992 897.6 495.5 898.1

10 05 496.0 895.7 493.4 897.4

15 05 498.8 897.1 491.4 896.8

00 10 498.8 897.8 495.8 898.1

05 10 497.2 897.2 495.2 898.1

10 10 494.8 895.9 491.0 896.7

15 10 489.4 893.2 488.8 896.0

(X) 15 497.0 897.3 494.1 897.6

05 15 495.7 896.8 491.3 896.7

10 15 493.3 896.0 488.7 896.0

15 15 489.0 893.6 486.3 895.2

Table 3. IB Calculation With Boattail and Chambrage, C/M of 1.0

OUTPUT XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE
%bt %ch BREECH VELOCITY BREECH VELOCITY

(MPa) (m/s) (MPa) (m/s)

00 00 540.3 1,641.3 499.9 1,596.8

05 00 530.2 1,635.2 493.4 1,593.1

10 00 516.3 1,626.9 487.1 1,589,5

15 00 509.5 1,623.7 481.3 1,586.0

00 05 531.7 1,638.3 492.8 1,592.0
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Table 3. IB Calculation With Boattail and Chambrage, C/M of 1.0 (continued)

OUTPUT XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE
%bt %ch BREECH VELOCITY BREECH VELOCITY

(MPa) (m/s) (MPa) (mis)

05 05 523.0 1,632.7 485.7 1,587.8

10 05 510.8 1,625.2 479.0 1,583.6

15 05 507.0 1,623.2 472.7 1,579.8

00 10 523.5 1,635.3 486.4 1,587.8

05 10 515.0 1,629.9 480.3 1,584.4

10 10 505.0 1,623.1 471.3 1,578.7

15 10 491.0 1,624.6 464.7 1,574.2

00 15 515.8 1,632.3 480.9 1,584.3

05 15 507.9 1,626.9 472.3 1,579.1

10 15 498.3 1,620.5 464.4 1,574.0

15 15 486.6 1,612.1 457.1 1,569.0

Table 4. 1B Calculation With Boattail and Chambrage, C/M of 4.0

OUTPUT XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE
%bL %ch BREECH VELOCITY BREECH VELOCITY

(MPa) (m/s) (MPa) (m/s)

00 00 512.8 2,538.4 499.9 2,342.6

05 00 510.1 2,523.1 485.6 2,328.5

10 W0 505.9 2,499.9 472.3 2,314.7

15 W0 507.5 2,486.7 460.0 2,301.1

00 05 503.0 2,502.5 484.9 2,323.8

05 05 496.3 2,484.9 469.6 2,307.4

10 05 489.6 2,461.1 455.5 2,290.9
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"Table 4. IB Calculation With Boattail and Chambrage, C/M of 4.0 (continued)

OUTPUT XKTC IBRGAB

PMAX MUZZLE PMAX MUZZLE

b, b 61%,c h BREECH VELOCITY BREECH VELOCITY
(MPa) (m/s) (MPa) (m/s)

15 05 490.1 2,448.9 442.5 2,276.9

(X) 10 494.0 2,469.9 471.7 2,306.7

05 10 484.2 2,449.0 456.6 2,290.,

10 10 476.1 2,424.0 439.9 2,270.0

15 10 464.3 2,391.7 426.2 2,252.3

(X) 15 485.1 2,440.3 460.3 2,291.8

0)5 15 472.8 2,415.9 442.2 2,270.6

10 15 463.6 2,389.1 425.8 2,250.3

15 15 452.1 2,356.9 411.1 2,230.8

3.3. Drop in Pressure and Muzzle Velocity Due to Boattail.

Table 5. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of .25

OUTPUT XKTC IBRGAB

%bi T "4ch APMAX BRCH AMUZZLE VEL APMAX BRCH AMUZZLE VEL

(MPa) (m/s) (MPa) (m/s)

N) (X) 0.0 0.0 0.0 0.0

05 (K) 1.6 0.9 2.1 0.6

10 (K) 6.5 2.0 4.1 1.2

15 (X) 4.8 2.7 6.0 1.7

00 05 2.0 0.6 2.2 0.6

05 05 3.4 1.2 4.5 1.4

10 05 6.6 3.1 6.6 2.1

15 05 3.8 1.7 8.6 3.3

() 10 3.8 1.0 4.2 1.4
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Table 5. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of .25 (continued)

OUTPUT XKTC IBRGAB

%bt %ch APMAX BRCH AMUZZLE VEL. APMAX BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

05 10 5.4 1.6 4.8 1.4

10 10 7.8 2.9 9.0 2.8

15 10 13.. 5.6 11.2 3.5

00 15 5.6 1.5 5.9 1.9

05 15 6.9 2.0 8.7 2.8

10 15 9.3 2.8 11.3 3.5

15 15 13.6 5.2 13.7 4.3

Table 6. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of 1.0

OUTPUT XKTC IBRGAB

%bt %ch APMAX BRCH AMUZZLE VEL. APMAX BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

00 00 0.0 0.0 0.0 0.0

05 00 10.1 6.1 6.5 3.7

10 00 24.0 14.4 12.8 7.3

15 00 30.8 17.6 18.6 10.8

00 05 8.6 3.0 7.1 4.8

05 05 17.3 8.6 14.2 9.0

10 05 29.5 16.1 20.9 13.2

15 05 33.3 18.1 27.2 17.0

00 10 16.8 6.0 13.5 9.0

05 10 25.3 11.4 19.6 12.4

10 10 35.3 18.2 28.6 18.1

15 10 49.3 16.7 35.2 22.6
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Table 6. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of 1.0 (continued)

OUTPUT XKTC IBRGAB

%bt %ch APMAX BRCH AMUZZLE VEL. APMAX BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

(X) 15 24.5 9.0 19.0 12.5

05 15 32.4 14.4 27.6 17.7

10 15 42.0 20.8 35.5 22.8

15 15 53.7 29.2 42.8 27.8

Table 7. Drop in Pressure and Muzzle Velocity Due to Boattail, C/M of 4.0

OUTPUT XKTC IBRGAB

%bt %ch APMAX BRCH AMUZZLE VEL. APMAX BRCH AMUZZLE VEL.
(MPa) (m/s) (MPa) (m/s)

00 00 0.0 0.0 0.0 0.0

05 O0 2.7 15.3 14.3 14.1

10 00 6.9 38.5 27.6 27.9

15 00 5.3 51.7 39.9 41.5

00 05 9.8 35.9 15.0 18.8

05 05 16.5 53.5 30.3 35.2

10 05 23.2 77.3 44.4 51.7

15 05 22.8 89.5 57.4 65.7

00 10 18.8 68.5 28.2 35.9

05 10 28.6 89.4 43.3 52.5

10 10 36.7 114.4 60.0 72.6

15 10 48.5 146.7 73.7 90.3

00 15 27.7 98.1 39.6 50.8

05 15 40.0 122.5 57.7 72.0

10 15 49.2 149.3 74.1 92.3

15 15 j 60.7 181.5 88.8 111.8
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It was expected that the introduction of a boattail without any volu.:,e change would lead to a lowering

of the maximum breech pressure. This was expected because the aft end of the projectile is subject to a

higher pressure than the base of the projectile and therefore is accelerated faster. More chamber volume

is then opened up, leading to a decrease in maximum breech pressure (Prax)"

In the baseline analysis (Table 1, 0 boattail, 0 chambrage), the calculated maximum breech pressures

are within 10% of the maximum breech pressures given by XKTC for a comparable database, and the

velocities are within 8%.

With a c/m of .25, IBRGAB captures the boattail effects as measured by the change in maximum

breech pressure and velocity in a qualitative, if not quantitative manner. When compared to XKTC, the

calculations with 15% boattail and chambrage of 0 and 5% exhibit a rise in maximum breech pressure

above that with 10% boattail. This was unexpected.

Again, for a c/m of 1.0, the agreement in the change in maximum breech pressure is good. Note that

the change in maximum breech pressure in IBRGAB is slightly smaller than the change in maximum

breech pressure in XKTC, yet both are rather uniform.

Lastly, at c/m of 4.0, the pressure drop in XKTC for small boattails is unexpectedly small (less than

for c/m = 1). It is also smaller than that of the analytic gradient with boattail. Similar effects of the

reversal of the change in maximum breech pressures were observerd for a c/m of .25 in XKTC.

4. CONCLUSIONS

A boattail has been incorporated into the gradient equation of a lumped-parameter interior ballistics

model with reasonable effects.

The gradient equation, with boattail addition, captures qualitatively, if not quantitatively, the effects

for normal c/m's (.25 and 1.0).

For c/m of 4.0, or large c/m's, some questions remain about the physics of the gradient model.
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APPENDIX A:

THE DERIVATION OF A GRADIENT EQUATION
WITH AREA CHANGE IN A TUBE AND A BOATTAIL
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The continuity and momentum equations for the unsteady flow of
a homogeneous, inviscid substance through a tube with variable area
are

aA (z, t) p) + a(pA(z, t) u(z, t)) 0 (1)
at az

au(z,') 0+ puU(Z, t) + aP (2)
a at az z-

where A = cross sectional area
P = pressure
p = density
u = velocity
t = time
z = distance.

If we take the boattail to be a right circular cylinder (Figure
A-i),

AA M

zaZ
zp

Figure A-i. The system to be modeled.

then AB = ABA + AA, where

AA = cross-sectional area of the boattail,
ABA = Area of the base of the projectile exposed to fluid,
AB = Bore area;

and A = AA + Ai, where
A = external area of the tube,
Ai = internal area of the tube(account for boattail).

We start by examining the area from the breech to the aft end of
the projectile.

0 • z -< za

where A is the area associated with the chamber and tube wall.
Performing the indicated differentiation of (1) and making the
Lagrange assumption,
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Z 0,

(1) becomes

aA(z, t)u(z,t) 0 A (z, t) a_ aA(z, t) (3)
az p at at

The density can be written as
_C

cot cI3 .fnui - V(zp) (4)

The fluid is considered to be composed of solid and gaseous
propellaL.t
C = total mass of propellant (fluid),
or
C = initial mass of propellant (solid),
and
V(zp) = chamber volume up to the base of the projectile.

Differentiating the density gives

-?I = -p 3V( zp)
at V(zp) at

but

av(zp) _ ABVp
at

where Vp=velocity of the projectile.

With the boundary condition

u(O) = 0

and

aA(z, t) _
at

for

0 g z < za
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(3) becomes

u(z) A AYPV(z, t) (5)

A(z, t) V(zp)

... from the aft end of the boattail to the projectile base,

za < z • zp .

Once again performing the indicated differentiation of (1) and
making the Lagrange assumption,

a(A(z,t)u(z,t)) _ A(z,t)AV _ aA(z,t)
az V(zp) at

Since the boattail is a right circular cylinder

3A(z, t) _ 0
at

where A = Ai accounts for boattail area;
for

za < z - zp

and

za z

where

za÷ = limn. 0 za + e

A(z, t) u(z, t) - A(zaI u(za) AVP [V(z, t) - V(za÷, t)]
V(zp)

and with the boundary condition

u(zp) v iJ ,
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(V(zp)A(zp) - A,(V(zp) - V(za)) )Vp ~~V(zp)A(za*) =uz'

Since AB = AA + ABA and A(zp)=ABA,

u(za) = vIABV(za) - AAV(zp)
V(zp) A (za4 ) "

Therefore,

A Vp ( AEV(za) -A(zp)A (z,t0u(z, t) - V(zp) (V(z, t) - V(za)) + V( zP)
V(VZzt V4  zP

and

u (z, t) VUABV(z, t) AAVP (6)
V(zp)A(z, t) A(z,t)

To obtain the pressure distribution, we once again examine the area
from the breech to the aft end of the boattail.

0 : z < za .

Differentiate (5) with respect to time.

V taV(z, t)
aV A V(z, t) +AV v

au _ •at +( z, t,
at V(zp)A(z, t) V(zp)A(z, t)

uBVPV(z, t) Ov(zp) B PB~(Zt aA(z,t)

VI(zp) A (z,t)' at I V(zp)A2(z,t)( at

with
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8V(z, t) 0
at

at
av(zp) Aat - AVI,,

aA(z, t) 0
at

then

au(z, t) - ABVV(Z, t) AV(V(z,t)7)
at V(zp)A(z,t) V 2 (zp)A(z, t)

Differentiate (5) with respect to distance.

ABz )av(z' t,)
8U(Z't) az ABVpV(z,t) aA(z,t)

az V(zp)A(z, t) V(zp)A2(z, t) az

with

av(z t)- A(z, t)
a z

then

au(z,t) j3 ,,V _ AB,Vp(z, t) (aA(z t)
az V(zp) V(zp)A 2 (z, t) az

Substitute (4), (5), (7), and (8) into equation (2), the momentum
equation, and we get the equation:
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c - AVV(z,t) VV(z, t)1A.VVVz, t)
V(zp) V(zp)A(z,t) V2 (zp)A(zt))

+ c AVV(zt) d ABVP
V(zp) V(zp) A (z, t) v(zp))

c Aevpv(z, t) ( ABVpV(Z. t) 8A (z, t) + 8' =0.V(zp) V(zp)A(z,t) V(zI;)A 2lZ, t) az+z

Or

Cjp -CABIýV(z, t) CJA,32 2 V (Z, t) laA(z, t)•

8z V2 (zp)A(z, t) V3 (zp)A3 (z. t) 1 Bz

and

CVV(Zt) V A (z, t) aP 0 V2(zp)A(z, t) V3(zp)A -( 8z

With the definition P(0) = PBR

P(z) = PB, - vABz V(z, t) 'Z
0 (9)

+ C rV V2 (z, t) 8A(z, t) 8 z
V3 (zp) A3(z, t) 8z

Using Integration by Parts for the second part of equation (9),

fudv = uv - fvdu

with the following substitutions:
dv- aA(z,t)

A 3 (z, t)

u = V2 (z, t)

1
2A(z, t) 2

du = 2V(z, t) dV = 2V(z, t)A(z, t)8z
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z zV2 (z, t) aA(zt) az_ V2- Z t) + 2 V(z, t)A(z,t) az
A 3 (Z, t) C1z 2A 2 (Z, t) f 2A 2 (Z, t)

0 0

fV2 (z t) aA(z, t) az -v z, t) V(Z't0az (10)f A 3 (Z, t) oZ 2A 2 (Z, t) fA (z, t)

By substituting from equation (10) into equation (9) and factoring,
the result becomes

= [~CAE•p' + C2A 8VQ ]V(z~t) azz

P(z) =P + V2 (zp) V3 (zp) fA(z. t) (Ii)
cA~V1 A ( z , t)

2V 3 (zp) A2 (z,t)

The acceleration of the projectile, aVp/at, is defined as

Sv P(za)AA + PABA-ABPe..
at MP

where mp = mass of the projectile.

Substituting aVp/at into equation (10),

P(z) = PBr

B CV CARAAP(za) If V(z, t) azV3 (zp) V2 (zp) m', f A (z, t)

r2 1 (12)
+ CABAAPB + CABPzos V(z, t) az
V2 (Zp) m V 2 (zp)rM1fA(zt)

2V3 (zp)A2 (z, t)
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Evaluating equation (12) at z = za and solving for P(za)
and defining P(za-) = (za),

_____ +. cpVfv(zt) 8z _rAAAiP f V(z, 0 I

Pa)=v3(zp) A (zt0 V2 (za)rnm0  (z,t)
P~zza -

CAgAr T/(z.t) az
1+ FAJA (z, t)

V2(Zp)M~

2 z
CA__ P V(z, t)a CADV' 2(a

+ v( p~m JA(z, t0 2V3 (zp) A (za-)

CAjrBAA f V~ (Z )a
V2(Zp)M~p

or

P(za) zaOP. + Za1+41P

where

za-

Q(zai V=z Oa_

0

Q2 (zai V2 (za -)

A 2 (za-)

+O CAAAQl (za)_____[1+ V2 (Zp) mp
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CA p (zai + (Bzo 2V3 (Zp) Q2 (ZaI
-al V3 (Zp) V2(p1M

+ 2 CAEAA Q, (za i
V (zp) mp

CAEABAQl (zai

F& V2 (Zp) Mj
Za 2 = - CADAAQl (za -)1

1 + v( p~m

Then

P (z) P,9+ [a3(t) + a. (t) PD + a5 (t) PS31]0(Z) + b t) Q2 (z)

where

a, CABp CA~AZa1 CAB rag

V3 (Zp) V2 (Zp)rnM V2 (Zp)n M,

a4() -'CABAAZa2 _______

a4 (t) V2 (zp) M V2 (Zp) Mp

a (t) CAAAZaOa5( V2 v(Zp) M,

b(t)=-- A
2 V3 (zp)

Q, (z) =V
2(z, )'

A 2 (z, )
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Now the area from the aft end of the projectile to the base of the
projectile will be examined.

za < z S zp

Velocity is now

u (z, t) A,•IV(z, t) AA VP (13)
V(zp)A(z, t) A(z, t)

Taking the partial derivative of u with respect to t and making
some substitutions

8A(z, t) . 0
at

av(z,t) ) AVat -Ap'•

av(zp)
a - AtVp

the equation for au(z,t)/at then becomes

au (z, t) IABV(z, t) V 2~A

at V(zp)A V(zp)A(z, t)
V;AjV(z, t) AAVP

V 2 (zp)A(z, t) A(z, t)

Taking the partial derivative of equation (13) with respect to z,

8VPA , t)
au(z,t) = __ __ __ _

az V(zp) A (z, t)
_ VAV(z, t) aA(z, t) + AAVp aA(z, t)

V(zp)A 2  az A 2 (z,t) az

av(z, t) = A(z, t)
az
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au (z, C) -V~A - V(z, t) OA (z, t0
Baz V(ZP) V (zp) A 2 (Z't) BIZ

+ AAVj, lA ( Z,t)
A 2 (Zt) C1z

Since

aCu (Z't) + pUau (Z' 0 + ap (14)
~E Uz- -Fz

equation (14) becomes

C [ 1VýA 8V(z,t) + 4pB'4A]

V(ZP) VT(zp) A(z,t0 V(zp)AJ

C V2 2V(Z't) AV

+ c VAEVz9 ) AAV j~rP
V(7p V2V(zp) A(z,t0 A(z' t)) p

c V,A,V(z, t) A )IV V,,ABV(z, t) aA (z,) 1
V(zp) V (zp) A(z-,t) A (z,t 0 V(zp)A 2  az

+ C ( VA 3 V(z, t) -AAVP AA V; aA(z, t) (15)
V(zp) I, V (zp) A(z, t) A (z, t) A A2 (Z,t) BIZ

Solving equation (15) for aP and integrating,

zz * z
f CpA f V(z, t) az2_ A az
p V2 (Zp) JA (Z t) +V(zp) J A (z, t)

za z za.
2 2 Z

+ CVPA Bf V2:(Z t ) OA (z, t)a(z

2 2Z
2CVPA ~zA ~ (~t) AA(z,t) OIZ + CAV~1 a3A (z, t)az

V2 (zp) JA 3(z,t) 8z V(ZP) fA3(t) a
28 za'

(16)
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Integrating portions of equation (16) by parts

fvdu = uv - fudv,

let

v- V2 (z,t)

du - 8A(z,t)
A 3 (z, t)

dv = 2V(z, t)A(z, t) az

1U ---- I

2A 2 (z, t)

then
z z

V2 (z t) aA(z, t) +V2(Z't) 0z
A (z,t) 2A 2 (z, t) za f A(z, t)

za&

z

-V2 (Zt)_ + V2 (za÷) + V(z, t a
2A 2 (z, t) 2A (za) f A(-zt)

and letting

v = V(z, t)

du- aA(z,t)

A3(z, t)

dv A(z, t)8z
1U = 1

2A 2 (z, t)

then

zz
VA (z, t) 2A- (z , 01t) + Az

a A 2.d a
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V(Z' t) + V(zai + f OZ
2A 2 (Z't) 2A 2 (zai JA (z, t)

Al so,

aA (z, t) I 2 (zt)i ( 1

Therefore, equation (16) becomes

Cp =JV(Zt0 az+ ~AV, az
IV 2(Zp) zA(z0 V(zp) A (z,t0

+CVA 2 V2 (Z't)~ V2 (a + Vz~ta
V3 (zp) 2A 2 (z,t) 2A2(za") fIA Z't0

-2CVI2AIAB[ V(z't) V(za*) +i (Iz, )

V2(Zp) 2A 2 (Z,t) 2A 2 (za*) 2

V(zp) 12 A 2 (Z,t) A2(Za*)

Using the def inition f or aV (z, t) /az, and P (za) , aV (z, t) /az becomes

, =AAZaOPBr+ AAZa +Aza AA a2B + EPBAEL - ABP..S

za z& ~~)a V zpfAZ)

fVJCAP V2 (z't),a + CV A~ V (3a Z

V2V(Zp) f.A (zt) 2V(zp) A (za)

+ CJ~~ f(Zt) z CV2( AAAB CV2zAB_ V~,A~Vz
v3(zp) Aa V0p A2 (zp) A (zp*)A(z)

Z 2 CV
2

_ p LAAAB f alz CA CA~A p
V2 (Zp) ,A (z,t0 2 V(zp) A2  2 V(zp) A 2 (za+)
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Therefore, P 2 (Z) is

= ~~CAiD~O&CAAZ40l~
P2 (Z) =P (Za V2 Zp MV 0 1 (za)I - V2 (zp) mp01 (z

CA&AAZ.2PB r-A.AA__CA 2 Q1 za
V2 (Zp) M' V2(UP) m' V2 (Zp) M'

+ CAA~ ZaOp~r Zai (za Iz 0 ZaIP 8  3
V(zp) mpQ() V (zp) mp V(za) vzmvQ(

+ C4AZAIA03Q(Za I - CAIBPreaQ0 (Zai
V(zp) M' V(zp)m M'

CV1 A B V(Z, t) CV,,Ap V2 (za I+ VJA
2V3 (zp) A(zt 2V3 (zp) A(a

+ CVJ2AAAB V(z, t) _ CVpA~AAAE V(za) _ p CJAARB 3
V2(zp) A2(z,t) v2 (zp) A 2 (Za*) V2 (Zp)A(.t

CA p + CAA 'p
2 V(zp) A 2 (Zt) 2 V(zp) A2 (Za)

Using the following substitutions,

z
Q1 (za) 0 FI01 (a I A(z,t)

za,

z
Q3 (zal =z,At)

za'

the equation for P2(z) becomes
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P2 (Z) = P (Za*) + a3 (t)01 (Za*) +all( t)PbQl (Za*)

+ aS 0)P,9r0i(Za) + C3 (t) Q1(Za) + C4 (t) P9,01(Za)

+ C5P81Q3 (Za) + -CV,42 (za CVJ2AB-Q (P
2 V3 (zp)A2(Za*) 2 V-3 (Zp)0 2P

CV~,~,CVA2A z2) A
+ Q4I(zP) - PAAAB V____ -) CAAzpQS (zP)

V2 (Zp) V2(zp) A2(za+) 2 zp

+ CAAVJP
2 V(zp) A (zai

where

CAZAi - _ _ CJAAAB
C~3 (t) = V (zp) m V(zP)m MP V2(Zp)

C4 (t) =CAAABA + CAAZa2

V (zP) mP V(zp) mP

2
C5 (t) C-AA ZaO
C5(t) zP vzpm

V- v(z, 0Q2(ZP) A 2 (z~t)

Q. (zP) =V(z,t 0
"A2 (z,t)

V2

Q5(zp -
2 (z,t)

and a3, a4, a5, are the same as stated previously.
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From equations (5) and (6)

u(za) - u(za- = VAAV(za) AAVV VpAsV(za-)

V(zp)A(za) A(za÷) V(z;p)A(za-

letting

V(za*) V(za-) V(za)

- VABV(za)( 1 1 ) AAVp
V(zD) (A(za) A(za-) A(za)

and noting

AA - A(za- -A(za)
A(za*)A(za-)

With the Kooker anaylsis,

fk = jump in pressure across the boattail.

An analysis by Kooker (April 1991) indicates that the pressure
drop across the boattail (which in a one-dimensional analysis is
equivalent to determining the pressure drop across a moving
discontinuity in area, Figure A-2) is given by:

oHX®
L p

Figure A-2. Presentation of a moving area in tube.
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Mass balance:

p1(u1 - VPA "0 = P2(u2 - - 1h (17)

Momentum balance:

P2U2(U2 -V)A 2 - PIu1(U1 - VP)AI = P1A - PA + PMR.4A2 -Al)

S(P- p)[A +.] (18)

since

P-=1 (P1 + P2 )-

Thus,

2p(U1 - V,)A 1 (u 2 - U1) (19)(P• -•): " Al + A2'

where

A. = A(za-,

A2 = A(za),

C
P1 = P2 - V(zp)

U1 = u(za-)

u2= u(za÷,

or

P2 (za*) -P 1 (za-) =fk=

-2CV A(za-)A[ ABV(za) (20)
V(z-p) A(za) V(zp) A (za- 1

A(za- + A(za÷)

Therefore, P2 (z) is
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P2 (z) = P2 (za + P, (zai + f

P2 (z) = z,,PBZ + z., + zaiP, + tic + a.01 (za I

+ a4,P1Q1(za)I + aPZQl,(za*) + C3Q3 (za *)

+ C4PQ 3 (zai + C5PQ 3 (za ) + b W)0 2 (za) + h1Q, (za I

+ j1Q, (za I + Ic1

Let

PB= P? (zp)

PB~1 - Za2 - a4Q1 (ZP) - CAQ3(ZP))=

P.z,+ a5Q1(zp) + CsQ 3 (zp)) + z.,

+ tic + a301 (ZP) + C3Q3 (zp) + b t0 2 (zp) + hQ,,(zp)

+ j1Q, (zp) + kc1

PB12 = 13B +1

where

11 =z., + (Ic + a3Q, (ZP) + C3Q3 (ZP)

+- b W)0 2 (zp) + hQ 4,(zp) + jloQ5 (zp) + kc1

12 = 1 - Za2 - a401 (ZP) - C4Q3 (ZP)

13 = z.0 + a,501(zp) + C5Q3 (zp)

sp

Q(zp) = (z, t)A
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03 x[ az
03 (zP) = V, f )A

58 *

A V2 (p)Q2 (Az ) -

0, (zp) = V(zp)
A2 (zp)

05 (zp) = 1
A2 (zp)

-CAV. 2 V(za) AA + CAA2V2 + CV-A.V2 (za)
V2 (zp)A 2 (za) 2V(zp)A 2 (za) 2V 3 (zp) A 2 (za)

h1 - V2 (zp)

- CIA2V2

-2 V(zp)

We are now at a point where the projectile base and breech
pressure can be determined. For use in lumped-parameter interior
ballistic models, the gradient equation is usually cast in terms of
the mean pressure (PM):

zp

p=o

fA(z, t)az

za" ZIPf A zt 0 zt, 0 z + f A (z., 0P2(z, 0 z0 Za 0

za "zpf[A(zz,t)az + fA(z.,t)(z

0 za
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Substituting the pressure distribution,
sa -za - sa-

f A (zdPD., + fJA (z,0(t) Qla + f A(z, 0 a 5 (t)0 1 P,91 az
=: 0 00

-. v(zp)

0 0 zp

fA(z,)0&(4t)(2,.az + f A(z,t)b(t)o= f A(z, t).,0 P,.z

V(zp)
zp zp zp

f A (z, t)za 8 z + fJZa2 PBBZ + fA(zt0rkaz

+ * &za za

V(zp)

zp 'p

f A(z, 0ta 3Q1 (za*)iz + f A(z, t a4PQ (za.)az
+ za' La.

V(zp)

zp 'pf A (z,zC4PQ 3 (za I8z+ fA(zt),0 CPQ3 (za÷I)z
+ za 

za

V(zp)

f A(z, 0)C, P33 (tza)Iz + fA(z, t)hCsPQ3 (za÷)az
+ za z a

V(zp)

'p 'pf A(z,0)jb( 0z + f A(z, 0 hlwc z
+ .

'Va.

V(zp)

f A(z, 0 jQo,(I + f A (z, t) k143z

Rearranging Pm and making some substitutions, the equation becomes
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P, a.(t) Q, b (t0Q6 + Zai (V(zp) - V(za))
V(zp)

+ a3 (t)Q09 + fk(v(zp) - V(za)) + C3 (t0 8
V(zp)

+ hQ,(za*) +j,0 3(za) + kl(V(z-p) - V(za))
V(zp)

+P V(za) + a5 (t)Q07 + a5 (t) Q9
V(zp)

+ PBr z.,(V(zp) - V(za)) + C5(t)Qe
V(zp)

+ P, a. (t) Q7 + a4(t)09  Za2 (V(ZP) -V(za)) + Cj(t) 08
V(zP)

where

za z

07= fA(z, t)fV(zet)aczaz
f f A z, t)

Zi, z

Q. = f A (z t) f Aaz az,A(z, t)

za za

za, za.

and Q1, Q2 1 Q4, and Q5 are as stated previously.

Or
Pm= ,+ b 2 PB + b3P
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whe re

bi a3 (t)07 (Za) + a3 (t)Q09(ZP) + b 0)Q, (zp)
= V(zp)

+ zai(V(zp) - V(za)) + fk(v(zp) -V(za))

V(zp)

+ C3 (t)Q8.(zp) + h1Q1 (zp) + j1Q3 (zp)

V(zp)

+ k1 (V (zP) - V (za))
v(zp)

-2 =At(t)Q0,(Za) + a4 (t)Q09 (ZP)
b2 - v(zp)

+ z82(V(ZP) - V(Za)) + C4 (t)Q8 (zp)
V(zp)

b3 V(za) + a5 (t)Q0,(Za) + a.509(ZP)

+ ZaO(V(zp) - V(za)) + C5Q,(zp)
V(zp)

Therefore,

P.b b2 P
T3 Pr 3 b3

Subtracting the two previous equations and solving for P BI

Pm p2 b, 11 + 2B

bY3  13 b3  13 b3
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Pa b, 1 1

b 3  13

The energy of the fluid is represented by

dE _U2(Z, t)dm
2

dm= pA(z, t)az

Integrating from 0 to zp,

(dE = U2 (Z, t) pA(z, t)•Z
f 20 0

za zp
U2 £ Z' zt) A(z, 0az + Pfu 2(Z 0 A (z, 0 az

0 2a

zaa
za- A 2 V2 F2 0

- r £.vp (z, t) az
2V(zp)J B A(z, t) V2 (zp)

+ C ZU VpABV(z,t) AAVp )2A
2V(zp) f V(zp)A(z,t) A(zt))(zt)az

ZP CA 22V a V2 (z, t) az + CVJ A 2V2 z
S2V3(Zp) Z,t) 2V(ZP) V2 (zp)A(z, t)

00 ( ,za 2

+ CV (~ 2AAABV(z, t)0 AA2 a
2V(zp) f. V(zp)A(z, t) + A(z, t)
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2 2 i z& 2
CA V f V2 (Z't)CVA V(zta

2 V3 (zp { A (Z't) 2 V3 (Zp), zA t

CV2 2 2 AP

CVJ PAJAAB z V(z' 0t) CVPAA aIz

V2 (Zp) IJA(z,t0 2 V(zp) A (z,t0

Substituting Q, (zp) , Q3 (ZP), and Q6 (which were previously def ined)
into the energy of fluid equation,

dE CABVý 06 CVJAAA'BQ'(Z) + CVJ ZP)
fdE 2V3 (Zp) 6 V2 (Zp) 2V (zp)

Volume and area terms for a straight tube (Lagrange tube):

V(za) = A~za

V(zp) = A~za + (zp-za)ABA

Q1 (za) f V(Zi t)a(z =za
f A(z,t) 2

- f V(z, t) az (A~za + (zp - za) AB)2 -(A~za)
2

-lzp L A(z,t 0A A

02(Za) V2(za) _za 2
A 2 (za)

?2 (ZP) _ V2 (zp) = (AEza + ABA(zp - za) )2 _V(zp)
A2 (Zp) 2 ~ 2
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Q~p) v az -zp -za
03A (Zt) A

Q, (zp) = V(Zp) -V(zp)

A(zt A M

_____ za 2 2 TZ A.Za +(Z -a A)

Q6(2p(zf 0 az f J~ 'Eaz +fAl
00z

Aqza 3 + (AEza + (za - za) A.4)3  (AaZa)3

3 2 3A2.

3 3A 3A,

Q7 (za) = aA (zt0 A(Z, 0 aZUlZ - 6~z

ZPzp z IAz at = (zp - za) 2

za. za,

Q9 (zp) =f f A V(z, t)az
z za .f(Zt

(A~za + AMA(zp - Za))3 -(A~za)
3

6ABA2  6ARA 2

-(A~za)
3 _ (A~za)2 (zp -za)

6ABA 2  2Aa4

The energy term for the Lagrange tube:
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2

dn = pA(z, t)Bz

2 z a A

dE= _pf u2(z't)A(zt)az + I2 u2(z't)A(zt)az
0 0 ze

D V2 V2 ( 't

= £35AVpV(z t) A(z, t) az

0 V(zp) 2A 2 (z, t)

+ P VA.V(z t) AAV ("zav(zp) A(z, t) A(Z, t) AztS

3 V2 Za

2V 3 (zp) o 4

+ pA, (AAza + (z - za)ABA) 1A1_!8z
2 V(zp)Jk V(zp) AB

3V2
CA a J) za 3

2 V3 (zp) 3

C Z v22V2(Z' t) 2AAV2A.V(z, t) 2AV2,)'z
2 v(zp)Aj V2 (zp) V(zp)

52



=CAV; Za 3

2 V3 (zp) 3

+ cp VA f(A~za + (z - za) A,, ) 243Z
2 V(zP) AM V2 (zp)

c AAVZ-AB (A~za + (Z -za) ) Oz
2 V(zp) AZA V (zp

Substituting Ql(zp)t Q3(ZP), and Q6(ZP) into the equation, the
energy equation becomes

ZIPp V2 CVJ2ACA p
fdE= C2 Bpp p pAA9Ql(Zp)+ A 3Z)

f 2V0(zp) V2 (p (zp)
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INTENTIONALLY LEFT BLANK.
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APPENDIX B:

USER'S MANUAL AND CODE LISTING FOR RGA
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INTENTIONALLY LEFT BLANK.
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program ibrga
common nsll, kpr, fracsl(10), dsdxsl(10), surfsl(10), nslp(10),

1 tsl(10), pbrch, pbase, pmean, bbr(10), abr(10), deltat, y(20),
1 igrad
character cutfil * 10, bdfile * 10, style * 10
character title(15) * 4, vsn * 4
dimension br(10), trav(10), rp(10), tr(10), forcp(10), tempp(10),

1 covp( 10)
dimension chwp(10), rhop(10), gamap(10), nperfs(10), glenp(10),

1 pdp(10 ), gdiap(10), alpha(10, 10), beta(10, 10), pres(10, 10)
dimension a(4), b(4), ak(4), d(20), p(20), z(20), frac(10),

1 surf(10 ), volp(10), dsdx(10), nbr(10), ibo(10), tbo(10),
1 d2xdt2(10), tng(10)
real lambda, jlzp, j2zp, j3zp, j4zp, jlzb, j2zb, j3zb, j4zb
real 11,12,13
dimension chdist(6), chdiam(6), bint(10), projtr(20), projms(20)
dimension nsl(10), surfo(10), dsdxn(10)
data pi/3.14159/vsn/'4hboat'/

c
c
c USER'S MANUAL FOR IBRGA
c
C
c IBRGA relies on an input database consisting of all
"c numerical parameters essential for running the code. Values may
"c be in metric units or in Imperial units, but must be consistent
"c throughout a dataset. Below is a compilation of a typical data
"c base showing the name and location of each parameter. The names
"c for the numerical values are prefixed with an alphabetical
"c designator corresponding to the position at which the data is to
"c appear, that is, from left to right. The data may be separated
"c by blanks or commas. Measurement units, if any, are shown to the
"c right of each input. In general, metric units of weight and mass
"c are the meter and kilogram, respectively; corresponding Imperial
"c units are the inch and pound. The only exceptions are Imperial
"c units of propellant impetus, which are foot-pounds per pound mass.
c
c
c title card - up to 60 characters of title and identification
c
c parameter information and placement:
c
c A B C D E F G H I J K
c
c record 1 Metric Imperial
c A. - chamber volume (when canister (m**3) (in**3)
c model is used, this will be the
c volume after canister bursts)
c B. - groove diameter (i) (in)
c C. - land diameter (m) (in)
c D. - groove/land ratio (land, groove,
c and groove/land ratio used to
c calculate the tube bore area)
c E. - twist (units are turns/caliber)
c F. - projectile travel (m) (in)
c G. - gradient switch (integer value
c designating the gradient equation
c (1 = Lagrange, 2 = Chambrage,
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c 3 = Two-phase, 4 - RGA,
c 5 = Lagrange w/ bt, 6 = Cham. w/ bt)
c H. - variable projectile mass switch
c (0=no, 1=yes)
c I. - igniter canister model switch
c (0=no, l=yes)
c J. - friction factor (normally 1 for
c granular, 0.01 for stick and
c 0.1 for partially cut propellant;
c only used when gradient = 3 or 4)
c
c record la (read if and only if gradient - 5 or 6)
c A. - boattail diameter (M) (in)
c B. - boattail length (i) (in)
c
c record lb (Read if and only if gradient - 2 or 4 or 6)
c A. - number of point pairs to describe
c chamber geometry, integer I <- 5
c B. - initial distance from breech (i) (in)
c (must be 0.0)
c C. - diameter at initial distance (M) (in)
c
c
c
c - Ith distance from breech (i) (in)
c (initial position of the base
c of the projectile)
c - Ith diameter at Ith distance (W) (in)
c (used to calculate bore area -
c overrides record 1 groove and
c land diameter specifications)
c (Note: chamber geometry is used
c to calculate the chamber volume
c which overrides record 1 chamber
c volume description.)
c
c
c record 2
c A. - projectile mass (kg) (lb)
c B. - switch to calculate energy lost
c to air resistance, an integer
c either 0 = no loss, or 1 = loss
c C. - fraction of bore resistance work
c used to heat tube (0.0<=f<=1.0)
c D. - gas pressure ahead of projectile (MPa) (psi)
c
c record 2A (Read if and only if variable projectile mass
c switch is 1)
c A. - number of point pairs to describe
c variable projectile mass =< 20
c B. - initial projectile travel (i) (in)
c (conceptually should be 0.0)
c C. - initial projectile mass (kg) (lb)
c (overrides value from record 2)
c D. - projectile travel at which first (i) (in)
c mass change occurs
c E. - new projectile mass at travel D. (kg) (ib)
c
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c
c x - i-th projectile travel where mass (i) (in)
c change occurs
c y - i-th new projectile mass value (kg) (ib)
c
c record 2B (Read if and only if i;niter
c canister model switcn = 1)
c A. - pressure at which the igniter (MPa) (psi)
c canister will burst
c B. - volume of igniter canister (m**3) (in**3)
c (used as chamber volume until
c burst pressure achieved)
c C. - canister diameter (assumes a (W) (in)
c right circular cylinder)
c
c record 3
c A. - number of pairs of barrel
c resistance points (integer <= 10)
c B. - bore resistance (MPa) (psi)
c C. - travel (i) (in)
c
c
c
c - Jth bore resistance (MPa) (psi)
c - Jth travel (i) (in)
c
c record 4
c A. - mass of recoiling parts (kg) (lb)
c B. - number of recoil point pairs
c (must be an integer = 2)
c C. - recoil force (force to overcome (N) (lb)
c before recoil start - rod preload)
c D. - time of rod preload (must be 0.0) (s) (s)
c E. - recoil force (constant resistive (N) (lb)
c force after rise time)
c F. - rise time (time to go from recoil (s) (s)
c start to constant resistive
c recoil force)
c
c record 5
c A. - free convective heat transfer (W/m**2/K) (in-lb/in**2
c coefficient /s/K)
c B. - chamber wall thickness (wall (i) (in)
c depth which is heated uniformly)
c C. - heat capacity of chamber wall (J/kg/K) (in-lb/lb/K)
c D. - initial temperature of tube and (K) (K)
c chamber walls
c E. - heat loss coefficient (usually 1.,
c but may be set to 0.0 in order to
c eliminate heat loss)
c F. - density of chamber wal' (kg/m**3) (lb/in**3)
c
c record 6
c A. - impetus of igniter (J/kg) (ft-lb/lb)
c B. - adiabatic flame temperature of (K) (K)
c igniter material
c C. - covolume of igniter (m**3/kg) (in**3/lb)
c D. - ratio of specific heats of igniter
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C E. - mass of igniter (kg) (lb)
c
c record 7
c A. - number of propellants
c (integer <= 10)
c
c record 8
c A. - impetus of propellant (J/kg) (ft-lb/ilb)
C B. - adiabatic flame temperature (K) (K)
c C. - covolume of propellant (m**3/kg) (in**3/lb)
c D. - ratio of specific heats
c E. - mass of propellant kg) (lb)
c F. - density of propellant (kg/m**3) (lb/in**3)
c G. - propellant form function indicator
c (integer; may be one of:
c 0 solid cylindrical grain
c I single-perf cylindrical grain
c 2 spherical grain
c 7 seven-perf cylindrical grain
c 15 nineteen-perf hexagonal grain
c 19 nineteen-perf cylindrical grain)
c H. - length of propellant grain (M) (in)
c I. - diameter of perforations in the (W) (in)
c propellant grains (ignored if not
c required, but must be present)
c J. - outside diameter of propellant (i) (in)
c grain (for the hexagonal grain
c it is the distance between
c rounded corners)
c
c (Record 8 repeated for each propellant)
c
c record 9
c A. - number of burning rate triplet points
c (integer J <= 10)
c B. - exponent
c C. - coefficient (m/s-MPa**e) (in/s-psi**e)
c D. - pressure (upper pressure limit (MPa) (psi)
c for which the previous exponent
c and coefficient are valid)
c
C
c
c -Jth exponent
c -Jth coefficient (m/s-MPa**e) (in/s-psi**e)
c Jth pressure (if pressure should (MPa) (psi)
c exceed this limit, then this
c burning rate equation is used
c for all higher pressures)
c
c (Record 9 repeated for each propellant)
c
c record 10
c A. - integration time increment (ms) (ms)
c B. - print increment (Ms) (ms)
c C. - upper limit on integration time (ms) (ms)
c for stopping calculation
C*
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c* conversion factors for imperial units => metric units
C*
c length inches * .0254 => meters
c mass lb * .45359237 => kilograms
c area in^2 * .00064516 => m^2
c volume in^3 * 0.000016387064 => m^3
c pressure lb/in^2 * 6894.757 => pascals
c velocity ft/s / 3.28083 => m/s
c in/s * .0254 => m/s
c energy ft-lb * 1.3558179 => joules
c in-lb * 0.1129848 => joules
c density lb/in^3 * 27679.9 => kg/m^3
c force/mass (ft-lb)/ib * 2.989067 => j/kg
c covolume in^A3/lb / 27679.9 => m^3/kg
c
c source: engineering design handbook metric conversion guide
c darcom pamphlet 706-470, july 1976
c
c density grams/cc * 1000. => kg/m^3
c
c call gettim(ihr,imin,isec,ihuns)
c

write( *, 830)
read( * 840)bdfile
open(unit = 2, err = 810, file = bdfile, status = 'old', iostat =

1 ios)
nzp=0
rewind 2
write( *, 850)
read( *, 840)outfil
open(unit = 6, err = 820, file = outfil)
do 10 i = 1, 20

p(20) = 0.
y(20) = 0.
z(20) = 0.
d(20) = 0.

10 continue
write( *, 870)
read( *, 840 )style
mode = 0
if(style(1:1).eq.'m' .or. style(1:1).eq.'M') mode = 1
if(style(1:1).eq.'e' .or. style(1:1).eqo'E') mode = 2
if(mode.eq.0) write( *, 880)
if(mode.eq.0) stop
read(2, 885)title
write(6, 1236)title,vsn
write(6, 860)bdfile
read(2, *, end = 790, err = 800)cham, grve, aland, glr, twst,

1 travp, igrad, ivpm, ihl, fs0
if(ijrad.gt.l)go to 20
write(6, 890)
igrad = 1
go to 140

c
c define chambrage assumes nchpts=number of points to define
c chamber > or = 2 < or = 5 (?),chdiam(i) defines chamber diameter
c at chdist (i) chamber distance. chdiam(nchpts) is assumed to be
c the bore diameter and chdist(i) is assumed to be 0, i.e. at the
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c breech. assumes truncated cones.
C

20 if(igrad.eq.3)go to 130
if(igrad.eq.4)go to 30
if(iqrad.GE.5)go to 25
write(6, 900, err 800)
go to 40

25 read (2 , ,end =790,err - 800) btdia,btlen
if (mode.eq.1) then
btvol=pi*btdia*btdia/4 . *btlj
write (6, 955)btdia,btlen,btvol

955 format(/,lx,'b~attail diameter m ',el6.6/lx,'boattail length
&m ',el6.6/lx,'boattail volume m**3 ',e16.6,/)
else
btvol=pi*btdia*btdia/4. *btlen
write (6, 965,err=800)btdia,btlen,btvol

965 format(/,lx,'boattail diameter in ',el6.6/1x,'boattail length
&in ',e16.6/lx,'boattaiJ. volume in**3 ',e16.6,/)
btdia=btdia*0 .0254
btlen=btlen*0 .0254
btvol=btvol*0 .0254"'*3
cham=cham* . 6387064e-5
endif

35 if(igrad.eq.5)then
write (6, 975)

975 format(lx,'using lagrange with boattail gradient')
go to 140
end if
if(igrad.eq.6)then
write (6, 995)

995 format(lx,'using chambraqe with boattail gradient')
go to 40
endif

30 write(6, 910)
go to 40

40 read(2, *, end - 790, err - 800)nchpts, (chdist(i), chdiam(i), i
1 = 1, nchpts)
if (mode.eq. l)then

write(6, 920, err = 800) (chdist(i), cridiam(i), i - 1, nchpts)
goto 60

else
write(6, 925, err - 800) (chdist(i), chdiam(i), i - 1, nchpts)
do 50 i = 1, nchpts

chdist(i) = chdist(i) * 0.0254
chdiam(i) = chdiam(i) * 0.0254

50 continue
endif

c
c calculate chamber integrals and volume
c

60 if(nchpts.gt.5) write(6, 930, err - 800)
if(nchpts.gt.5)nchpts - 5
bore = chdiam(nchpts)
if(chdist(l).ne.0.0)write(6, 940, err = 800)
chdist(l) =0.0

c do 54 I=i,nchpts
c chdist(I)=0.01*chdist(I)
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c54 chdiam(I)=0.0l*chdiam(I)
c calculate chamber integrals and volume

if(nchpts.gt.5) write(6,44,err=30)
44 format(lx,'use first 5 points')

if (nchpts .gt .5) nchpts=5
bore=chdiam (nchpts)
if(chdist (1).ne.0.O)write(6,45,err-3O)

45 format(lx,' # points ? '
chdist (1)=0. .0
ptl=chdist (nchpts)
btd=btdia
btl=btlen
call jint(btd,btl,ptl,ptl,nchptS,chdist,chdiam,bint,bvol)

41 cham=bvol+btvol
c write(6,47,err=30)bint(l),bint(3),bint(

4 )
c format(lx,'bint 1 = ',e14.6,' bint 3 = ',e14.6,' bint. 4 =',el4.

c &6)
chmlen=chdist (nchpts)
go to 140

130 write(6, 950)
140 if(mode.eq.l)then

write(6, 960, err -800)charn, grve, aland, glr,
& twst, travp, igrad, ivpm, ihl, fs0
cham=cham-btvol
endif
if (mode .eq. 2) then
cham--cham/ . 6387064e-5

write(6, 970, err = 800)cham, grve, aland, glr, twst, travp,
1 igrad, ivprn, ihl, fs0

chain = chain * 1.6387064e - 5
cham=cham-btvol
grve =grve * 0.0254
aland =aland * 0.0254
travp =travp * 0.0254

endif
read(2, *, end = 790, err = 800)prwt0, iair, htfr, pgas0
if (iode.eq.l)then

prwt = prwtO
pgas = pgas0 * 1.0e6

elseif (mode.eq.2)then
prwt = prwt0 * 0.45359237
pgas = pgas0 * 6894.757

endif
if (ivpm.eq.1) then

read(2, * )nvpmp, (projtr(i), projms(i), i = 1, nvpmp)
if(mode.eq.1)write(6, 980)nvpmp, (projtr(i),

1 projms(i), i = 1, nvpmp)
if (mode .eq. 2) then

write(6, 985)nvpmp, (projtr(i), projms(i), i =1, nvpmp)
do 150 i = 1, nvpmp

projtr(i) = projtr(i) * 0.0254
projms(i) = prcjms(i) * 0.45359237

150 continue
endif
prwt =projms(l)

prwt0 prwt
if(mode.eq.2) prwt0 = prwt / 0.45359237

endif
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write(6, 1050)
if(ihl.eq.1)then

read(2, * )burstp, highv, highd
if(mode.eq.1)write(6, 990)burstp, highv, highd
if (mode .eq. 2) then

write(6, 1000)burstp, highv, highd
burstp =burstp * 0.006894757
highv highv * 1.6387064e - 5
highd =highd * 0.0254

endif
burstp =burstp * 1.e6
areaw =4. *highv / highd + pi * highd *highd /2.

endif
read(2, *~end =790, err = 800)npts, (br(i), trav(i), i = ,npts)
read(2, *~end =790, err = 800)rcwt, nrp, (rp(i), tr(i), i=1,nrp)
read(2, *,end =790, err = 800)ho, tshl, cshl, twal, hi, rhocs
read(2, *~end =790, err = 800)forciq, tempi, covi, gamai, chwi
read(2, *)nprop

read(2, *,end = 790, err = 800) (forcp(i), tempp(i), covp(i),
1 gamap(i), chwp(i), rhop(i), nperfs(i), glenp(i), pdp(i), gdiap(i)
1 , i= 1, nprop)
if (mode .eq.1) then

write(6, 1010, err = 800)prwt0, iair, htfr, pgas0
write(6, 1030, err = 800)npts, (br(i), trav(i), i = 1, npts)
write(6, 1060, err = 800)rcwt, nrp, (rp(i), tr(i), i = 1, nrp)
write(6, 1080, err = 800)ho, tshl, cshl, twal, hi, rhocs
write(6, 1100, err - 800)forcig, tempi, covi, gamai, chwi
write(6, 1236)title,vsn
write(6, 1120)nprop
write(6, 1130, err = 800) (i, forcp(i), tempp(i), covp(i),

1 gamap(i), chwp(i), rhop(i), nperfs(i), glenp(i), pdp(i),
1 gdiap(i), i = 1, nprop)

e ndi f
if (mode .eq. 2) then

write(6, 1020, err = 800)prwt0, iair, htfr, pgasO
write(6, 1040, err = 800)npts, (br(i), trav(i), i = 1, npts)
write(6, 1070, err = 800)rcwt, nrp, (rp(i), tr(i), i - 1, nrp)
write(6, 1090, err = 800)ho, tshi, cshl, twal, hi, rhocs
write(6, 1110, err = 800)forcig, tempi, ccvi, gamai, chwi
write(6, 1236)title,vsn
write(6, 1120)nprop
write(6, 1140, err = 800) (i, forcp(i), tempp(i), covp(i),

1 gamap(i), chwp(i), rhop(i), nperfs(i), glenp(i), pdp(i),
1 gdiap(i), i = 1, nprop)

endif
do 170 j = 1, nprop

read(2, *,end= 790, err = 800)nbr(j), (alpha(j, i), beta(j,i)
1 , pres(j, i), i = 1, nbr(j))

if (mode.eq.1)write(6, 1160) nbr(j)
if (mode .eq. 2) write (6, 1170) nbr (j)
do 160 i = 1, nbr(j)

if(mode.eq.1)write(6, 1180) aipha(j, 1), beta(j, i),
1 pres(j, i)

if (mode .eq. 2) then
write(6, 1180) alpha(j, i), beta(j, i), pres(j, i)
rate = beta(j, i) * pres(j, i) ** alpha(j, i)
pres(j, i) = pres(j, i) * 0.006894757
beta(j, i) = 0.0254 * rate / pres(j, i) ** alpha(j,i)
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endif
160 continue
170 continue

c
c convert units to program requirements
c

do 180 i = 1, npts
if(mode.eq.l)br(i) = br(i) * 1.e6
if (mode.eq.2) then

br(i) = br(i) * 6894.757
trav(i) = trav(i) * 0.0254

endif
180 continue

do 200 j = 1, nprop
if (mode.eq.2)then

forcp(j) = forcp(j) * 2.989067
covp(j) = covp(j) / 27679.9
chwp(j) = chwp(j) * 0.45359237
rhop(j) = rhop(j) * 27679.9
glenp.(j) = glenp(j) * 0.0254
pdp(j) - pdp(j) * 0.0254
gdiap(j) = gdiap(j) * 0.0254

endif
do 190 i = 1, nbr(j)

pres(j, i) - pres(j, i) * 1.e6
190 continue
200 continue

if (mode.eq.2) then
do 210 i = 1, nrp

rp(i) = rp(i) * 0.1129848
tr(i) = tr(i) * 0.0254

210 continue
c
"c conversion factor for free convective heat transfer coeff
"c w/m**2 * (0.00064516 m**2/in**2) * (1.0/1.3558179 ft-lb-s/w) *

c (12.0 in/ft) = 0.005710147 in-lb/in**2-s
c

ho - ho / 0.005710147
tshl = tshl * 0.0254
cshl = cshl * 2.989067 / 12.0
rhocs = rhocs * 27679.9
icwt = rcwt * 0.45359237
forcig = forcig * 2.989067
covi = covi / 27679.9
chwi = chwi * 0.45359237

endif
tmpi = 0.0
do 220 i = 1, nprop

tmpi = tmpi + chwp(i)
kpr = i
call prf7l0(pdp(i), gdiap(i), glenp(i), nperfs(i), 0., frac(i)

1 , volp(i), surf(i), dsdx(i))
tng(i) = chwp(i) / rhop(i) / volp(i)
surfo(i) = surf(i)
write(6, 1150)i, tng(i)

220 continue
tmpi = tmpi + chwi
write (6, 1050)
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read(2, *, end = 790, err = 800)deltat, deltap, tstop,nzpi
write(6, 1190, err = 800)deltat, deltap, tstop
write( *~1200)

deltat =deitat * 0.001
deltap =deltap * 0.001
tstop = stop * .001
if(igrad.eq.2.or.igrad.eq.4 .or.igrad.eq.6)go to 230
bore = (gIr * grve *grve + aland * aland) / (gir + 1.)
bore = sqrt (bore)

230 areab = pi * bore *bore I4.
areaa=pi* (btdia/2.) **2
areaba-areab-areaa
lambda =1. / ((13.2 + 4. *loglO(100. *bore)) **2)

iplot =0

pltdt =deltat

Pitt =0.

pmaxm =0.0

pmaxbr = 0.0
pmaxba = 0.0
tpmaxm - 0.0
tpmxbr = 0.0
tpmxba = 0.0
tpmax 0.0
a(l) =0.5

a(2) -'1. - sqrt(2.) / 2.
a(3) =1. + sqrt(2.) / 2.
a(4M 1. / 6.
b(l) =2.

b(2) =1.

b(3) =1.

b(4) =2.

ak(l) =0.5

ak(2) =a(2)

ak(3) =a(3)

ak(4) 0.5
vp0 = 0.0
trO = 0.0
tcw = 0.0
if(igrad.eq.3)chmlen =chain areab
if (igrad. eq. 5) chmlen= (cham+btvol) /areab
zb = chmlen
zp =chmlen
grien = 0.
grdiam = 0.
egama = 0.
do 240 i =1, nprop

grien =grien + chwp(i) * glenp(i)
grdiam = grdiam + chwp(i) * gdiap(i)
ibo(i) = 0
egama = egama + chwp(i) * gamap(i)
nsl(i) = 0
vp0 = chwp(i) / rhop(i) + vp0

240 continue
volgi = chain vp0 - chwi * covi
grien = grien /(tinpi - chwi)
grdiam = grdiam / (tinpi - chwi)
egamna = (egama + chwi *gamai) / tinpi
ismn = 0
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odlnr = 0.
vfO 0 chain - vp0
epsO = 1. - vp0 / chain
eps - epsO
gasden = chwi /vf 0
prden = tinpi IvpO
ug -0.
up =0.
pinean - forcig * chwi / volgi
if(ihl.eq.1)pinean =forcig * chwi/

1 (highv - vp0 chwi *covi)
pbase - pmean
pbrch = pmean
opbase = pmean
voig = volgi
volgi = volgi + vp0
wailt = twal
tgas = temnpi
told = 0.
tgaso = tgas
dtgaso = 0.
covi = covi
t = 0.
ptime = 0.0
ibrp = 12
z(3) = 1.
nde = ibrp + nprop
if(mode.eq.1)write(6, 1210)areab, pinean, vpO, volgi
if (mode .eq. 2) then

argl = areab /0.00064516
arg2 = pinean /6894.757
arg3 = vp0 / 0.000016387064
arg4 = volgi / 0.000016387064
write(6, 1220)argl, arg2, arg3, arg4

endif
write(6, 1236)title,vsn
write(6, 1230)
if(mode.eq.1)write(6, 1232)
if(inode.eq.2)write(6, 1234)
lines = 4
linmax = 62
iswl = 0
prwt0 = prwt

250 continue
do 690 j = 1, 4

c find barrel resistance
c

if(ivpin.ne.1)go to 270
do 260 k = 2, nvpmp

if(y(2) + y(7).lt.projtr(k))go to 270
prwt = projins(k)

260 continue
270 if(ihl.eq.1)go to 300

do 280 k = 2, npts
if(y(2) + y(7).ge.trav(k))go to 280
go to 290

280 continue
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k = npts
290 resp = (trav(k) - y(2) - y(7)) / (trav(k) - trav(k-1)

resp = br(k) - resp * (br(k) - br(k - 1))
C

c find mass fraction burned
C

300 do 320 k - 1, nprop
kpr = k
if(ibo(k) .eq.1)goto320
nsll - 0
call prf7lO(pdp(k), qdiap(k), glenp(k), nperfs(k),

1 y(ibrp + k), frac(k), volp(k), surf(k), dsdx(k))
nsl(k) = nsll
if(nsl(k) .eq.0)goto 310
if(nslp(k).eq.1)go to 310
write(6, 1240)k
lines = lines + 1
nslp(k) 1
tsl(k) =y(

3)
ism = 1

310 continue
if(frac(k).lt..9999) go to 320
frac(k) =1.

tbo(k) =y(3)

ibo(k) =1

ism = 1
write(6, 1250)k
lines = lines + 1

320 continue
if(ihl.eq.1)goto370

c
c energy loss to projectile translation
c

elpt = y(ll)
c
c elpt-prwt*y(l)*y(1)/2.
c

eptdot =prwt * y (1) * z (1)
z(l1) =eptdot

c
c energy loss due to projectile rotation
c

elpr = y(12)
c
c elpr=pi*pi*prwt*((y(l)+y(6))**2)/4.*twst*twst
c

eprdot = pi * pi * prwt * (y(l) + y(6)) *(z(1) + z(6))
1/ /2. * twst * twst

z(12) = eprdot
c
c energy loss due to gas and propellant motion
c

if(igrad.eq.l)go to 340
if(igrad.eq.3)go to 350
if(igrad.eq.4)go to 330
if(igrad.eq.5)go to 352
if(igrad.eq.6)go to 355
pt = y(2) + y(7
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vzp =bvol + areab * pt
j4zp bint(4) + ((bvol + areab * pt) ** 3 -bvol **3) /3.

1 / areab / areab
elgpm tmpi * y(l) * y(1) * areab *areab *j4zp I2. /vzp

1 /vzp/vzp
go to 360

330 pb =y(7) + y(lO)
vzb bvol + areab * pb
j4zb =bint(4) + (vzb ** 3 - bvol **3) / 3. / areab / areab
elgpm =(1. -eps) * up *up * areab ** 2 * prden *j4zb + eps

1 * ug *ug *areab **2 *gasden * j4zb
elgpm =elgpm / 2. Ivzb /vzb + gasden *areab * ullen /6.

1 * (3. y(l) * y(l) + 3. *y(l) * ullen *dlnrho + ullen **2

1 * dlnrho ** 2)
C

c approximate epdot
C

epdot = tmpi * y(l) * z(1) / 3.
go to 360

340 elgpm = tmpi * (y(J.) * y(l) - y(l) * y(6) + y(6) *y(6)) /6.
go to 360

350 elgpm =areab *zb / 6. *(eps *gasden *ug *ug + (.-eps)
1 * prden * up *up)

elgpm = elgpm + gasden *areab *ullen /6. *(3. *y(1)*

1 yMl + 3. * yMl * ulleri * dlnrho + ullen **2 *dlnrho **2)

C

c approximate epdot
C

epdot = tmpi * y (1) * z (1) / 3.
go to 360

352 zp=y(2)+y(7)+chmlen
za=zp-btlen
vzp=zp*areab-btvol
vza=za*areab

c write(6,2050)tmpi,vzpj,areaa,y(1)
c elgpm=tmpi*y (1)*y (1)/vzpl2.
c elgpm=elgpm* (areab*areab/3. /vzp/vzp* (areab*za**3
c & +((areab*za+areaba*(zp-za))**3-(areab*za)**3)/areaba/areaba)
c & -areaa*areab/vzp/areaba/areaba* ((areab*za+areaba* (zp-za))
c & **2-(areab*za)**2)+areaa*areaa/areaba*(zp-za))

elgpml=tmpi*areab**2*y (1)**2/2 ./vzp/vzplvzp
taql= (areab*za**3/3 .+

& (areab*za+(zp-za)*areaba) **3/3./areaba/areaba.-(areab*za)**3/
& 3./areaba/areaba)

elgpm2=tmpi*areab*areaa*y (1)**2/vzp/vzp
taq2= ((areab*za+ (zp-za)

& *areaba) **2/2./areaba/areaba-~(areab*za) **2/2./areaba/areaba)
elgpm3=tmpi*y (1)**2*areaa**2/2. /vzp
taq3= (zp-za) /areaba
elgpm=elgpml *taql-elgpm2*taq2+elgpm3*taq3

c write(6,2050)tmpi,vzp,areaa,y(1)
c2050 format(' tmpi',e17.10,' vzp',e17.i0,' areaa',e17.10,' yMl)
c & ,el7.10)

go to 360
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355 pt-=y(2)+y(7)
ptl-pt+chmnleri
call jint(btdia,btlen,ptl,ptl,nchpts,chdist,chdiam,bflt~bvolzp)

vzp=bvolzp
qlzp-bint (10)
q2zp=biit (2)
q6zp=bint (4)
q8zp~bint (8)
q3zp=bint (5)
q4zp=bint (6)
q5zp-bint (7)
q9zp=bint (9)

c write(6 ,7 6 )qlzp,q2zp,q3zp,q4zp,qszp,q6zp~q7zpq8zp~ptlpt
276 format(lx,l0ell.4)

delta=l.
ptl-chmlen+y (2) +y (7)
pt2=chmlen+y (2) +y (7) -btlen
zp~=ptl
z a =Pt 2
calljint(btdia,btlen,ptl,pt2,nchpts~chdist~chdiam~bint~bvolza)
vza = bvolza
qlza=biit (1)
q2za=bint (2)
q4za-bint (6)
q5za=bint (7)
q6za=bint (4)
q7za=bint (3)
q3zpza=q3zp
q9zpza=ql zp

c write (6, 7 7 )qlza~q2 za,q3za,q4zaiqsza,q6za,q7za~q8za~ptl~pt2
77 -format(Ix,10ell.4)
c elgpm-tmpi*y(1)*y(1)*areab**2*q6zp/2./vzp**3 - tmpi*areaa*areab*
"o &y(l)*y(1)*q9zpza/vzp/vzp + tmpi*y(1)*y(1)*areaa**2*q3zpza/
"C &2./vzp

elgpml=tmpi*y(l)*y(1) *areab**2*q6zp/2./vzp**3
elgpm2=tmpi*areaa*areab*y (1)*y(l) *qlzp/vzp/vzp
elgpm3=tmpi*y (1)*y (1)*areaa**2*q3zp12 . vzp
elgpm=e lgpml-elgpm2+elgpm3
go to 360

C
c energy loss from bore resistance
C

360 elbr = y(4)
z(4) = areab * resp * (y(l) +y()
ebrdot = z(4)

c
c energy loss due to recoil
c

elrc =rcwt *y(6) *y(6) / 2.
erdot =rcwt * y(6) z z(6)

c
c energy loss due to heat loss
C

areaw -cham /areab *pi *bore +2. areab +pi bore*
1 (y(2) +y()

370 avden = 0.0
avc = 0.0
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avcp =0. 0
Z18 =0

Z19 =0

do 380 k =1, nprop
z18 = forcp(k) * gamap(k) * chwp(k) *frac(k) / (gaxnap(k)

1 - 1.) / tempp(k) + z18
z19 = chwp(k) * frac(k) + z19
avden = avden + chwp(k) *frac(k)

380 continue
avcp = (z18 + forcig * gamai *chwi / (gamai - 1.) /temapi)/

1 (z19 + chwi)
avden = (avden + chwi) / (voig + covi)
avvel = .5 * (y(l) + y(6))
htns = lambda *avcp * avden *avvel + ho
z(5) = areaw *htns * (tgas -walit) * hi
elht = y(5)
ehdot =z(5)
wailt = (elht + htfr * elbr) Icshl / rhocs /areaw /tshl +

1 twal
c

c energy loss due to air resistance in tube
c (assume no drag resistance on air/tube interface)
c

if(ihl.eq.1)goto 410
air =iair

z (8) y y(1) *pgas * air
elar =areab *Y(8)

eddot z z(8) *areab

c
c recoil
c

z(6) =0.0

if(pbrch.le.rp(l) / areab)go to 400
rfor = rp(2)
if(y(3) - tr0.ge.tr(2))go to 390
rifor = (tr (2) -(y (3) - trO)) (tr (2) -tr (1))
rfor = rp(2) -rfor * (rp(2) -rp(l))

390 z(6) = areab /rcwt * (pbrch -rfor /areab - resp)
if(y(6) .lt.0.0)y(6) = 0.0
Z( 7 ) = y(6)
goto 410

400 trO = y( 3 )
410 continue

c
c calculate gas temperature
c

eprop = 0.0
rprop = 0.0
dmfogt = 0.0
dmfog = 0.0
do 420 k =1, nprop

eprop =eprop + forcp(k) * chwp(k) * frac(k) /(gamap(k)

rprop =rprop + forcp(k) * chwp(k) * frac(k) /(gamap(k)
1 - 1.) /tempp(k)

dmfogt =dmfogt + forcp(k) *rhop(k) * tng(k) *surf(k)*

1 z(ibrp + k) / ((gamap(k) -1.) * tempp(k))
drnfog = drnfog + forcp(k) * rhop(k) * tng(k) * surf(k)*
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1 z(ibrp + k) / (gamap(k)-1.
420 continue

tenerg = elpt + elpr + elgpm + elbr + elrc + elht + elar
tgas = (eprop + forcig * chwi / (gamai - 1.) - elpt - elpr -

1 elgpm - eibr - elrc - elht - elar) / (rprop + forcig * chwi
1 / (gamai - 1.) / tempi)

tedot = epdot + eprdot + eddot + ebrdot + erdot + ehdot+eptdot
dtgas = (dxnfog - tedot - tgas * dmfogt) / (rprop + forcig*

1 chwi / (gamai - 1.) / tempi)
C
c find free volume
C

V1 = 0.0
covi = 0.0
do 430 k - 1, nprop

vi = chwp(k) * (1. - frac(k)) / rhop(k) + v1
covi covi + chwp(k) * covp(k) *frac(k)

430 continue
voig = volgi + areab * (y(2) + y(7)) -v1 - covl
if(ihl.eq.i)volg = highv - vi - covi

C

c calculate mean pressure
C

ri 0.0
do 440 k = 1, nprop

ri = ri + forcp(k) * chwp(k) * frac(k) /tempp(k)
440 continue

pmean = tgas / voig * (ri + forcig *chwi /tempi)
if(ihl.eq.i)go to 640
resp = resp + pgas * air
if(igrad.eq.i)go to 590
if(igrad.eq.2)go to 450
if(igrad.eq.3)go to 470
if(igrad.eq.4)go to 540
if(igrad.eq.5)go to 582
if(igrad.eq.6)go to 585

450 if(iswi.ne.0)go to 460
pbase = pmean
pbrch = pmean
if(pbase.gt.resp + 1.)iswi 1
go to 620

c
c use chambrage pressure gradient equation
c

460 jizp = bint(i) + (bvoi * pt + areab /2. *pt *pt) /areab
j2zp = (bvol + areab * pt) ** 2 /areab /areab
j3zp = bint(3) + areab *bint(i) *pt + bvol * pt * pt /2. +

1 areab pt *pt * pt /6.
a2t = -tmpi *areab *areab / prwt / vzp /vzp
alf = 1. - a2t * jizp
alt = tmpi * areab * (areab * y (i) y y(1) /vzp + areab *resp

1 / prwt) / vzp / vzp
bt = - tmpi * y(i) * y(i) *areab *areab /2. / vzp / vzp/vzp
bata =-alt *jizp - bt *j2zp
gamma =aif + a2t * j3zp /vzp
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delta =bata + alt * j3zp / vzp + bt *j4zp /vzp
C

c calculate base pfessure
C

pbase = (pmean - delta) / gamma
C

c calculate breech pressure
c

pbrch = alf * pbase + bata
go to 610

c
c use 2 phase gradient equation
c

470 if(iswl.ne0O)goto 480
pbase = pmean
pbrch = pmean
if(pbase.gt.resp + 1)iswl = 1
go to 620

480 if(iswl.eq.2)go to 580
vzp = chain + areab * (y(2) +y()
vzb = chain + areab * (y(10) +y()

phi = (
phidot = 0.
dmorho = 0.
dmcov = 0.
dmromw = 0.
rmomw = 0.
vfree = vzp - vi
do 490 k 1, nprop

rmoinw =rmomw + chwp(k) * frac(k) forcp(k) /tempp(k)
phi = chwp(k) * frac(k) + phi
if(ibo(k).eq.l)go to 490
dmorho = dmorho + tng(k) surf(k) *z(ibrp + k)
phidot = rhop~k W tng (k) * surf~k M z (ibrp + k) + phidot
dmcov =rhop (k) *tng (k) * surf (k) z z(ibrp + k) * covp (k)

1 + dmcov
dmroinw = dniroinw + rhop (k) * tng (k) *surf (k * z (ibrp + k)

1 * forcp(k) / tempp(k)
490 continue

rmoinw =rmoinw + chwi * forcig Itempi
gasmas =phi + chwi
gasden =gasmas / vfree
phi = (phi + chwi) / tinpi
if (phi.gt.0.999) then

iswl = 2
rbin = phase /pinean
rbrm = pbrch Ipmean
if(phi.ge.l.)go to 580

endif
dmdt = phidot
phidot = phidot / tinpi
vdotov = (dxnorho + areab * y(l)) /vfree
dlnrho = dmdt / gasinas - vdotov
dvoldt = dmorho + areab * y(l) - dmcov

c
c get time derivative of m-ean pressure
C

dpindt = (dmroinw * tgas - pinean * dvoldt + dtgas *rinomw) /volg
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voiprp -0.
ef fdia =0.
dxndidt = 0.
dxndmor = 0.
avelen = 0.
avedia =0.
do 500 k -1, nprop

if(ibo(k).eq.1)go to 500
volprp = volprp + (1. - frac(k)) *chwp(k) /rhop(k)
dmdrndt = dmdrndt + rhop(k) *tng(k) *dsdx(k) *z(ibrp + k)

* z(ibrp + k)
dmdmdt - dnidxndt + rhop(k) *tng(k) *surf(k) *d2xdt2(k)

drndmror = dmdmor + (dsdx(k) *z(ibrp + k) '~2 surf(k)*
I d2xdt2(k)) * tng(k)

e~ffdia - effdia + 6. * voip(k) / surf(k) *(1. - frac(k))
* chwp(k)

500 continue
cit = dxndrndt / gasxnas - dni mor / ",free + vdotov ** 2 -(dmdt

1 I gasmas) ** 2
d2lnr = cit - areab ** 2 * pbase / vfree / prwt
d2lnr = d2inr + areab * areab * resp / vfree / prwt
zp = chmlen + y(2) + y(7)
zb = chrnien + y(10) + y(7)
ulien =zp -zb

cnow =tmpi -gasrnas

vp = y(l)
effdia =effdia / cnow
prden =cnow /volprp
up = Y(9)
phistr = phi -gasden * areab * ulien / tmpi
ulldot = vp -up

dphist = phidot -gasden * areab / trnpi * (ulidot + ullen*
1 dinrho)

eps = 1. - (1. -phi) * tmpi / prden / vzb
epsdot =phidot *trnpi /prden /vzb + (1. - phi) *trnpi *up

1 * areab / prden /vzb /vzb
ug = up + (vp + ullen * dinrho -up) / eps
alam = (1.5 * grien / grdiamn) **.666666667

alam = (0.5 + grien / grdiarn) /alam
alarn= alam ** 2.17

c
c vis kg/s/rn
c

vis = .00007
ren = gasden / vis * effdia * abs(ug - up)
if(ren.lt.1.)ren =1.

fsrg = 2.5 * alam /ren ** .081 * ((l. - eps) /(1. -epsO)*

1 epsO / eps) ** .45
fsc = fsrg *fs0
phi2 = 1. -phi - phistr * (1. - eps) / eps
philp =dphist * ug -phidot *up - phistr * epsdot /eps/

1 eps *(vp + ullen *dinrho - up) + phistr * ulidot *dlnrho

1 /eps +2. * phistr *ugl/ zb* (ug -up)
philp =philp + phi2 * asden /effdia / prden*

1 (ug-up) ** 2*fsc
ak2 = 1. / (1. -phi2 *trnpi /prden / vzb)

74



Phil = Philp + phistr * z(1) / eps + ullen * phistr * d2lnr/
1 eps

C

c acceleration of forward boundary of propellant bed
C

z(9) = gasden *(ug - up) ** 2 *fsc / prden / effdia + tmpi
1 * Phil *ak2 /vzb / prden

Z(10) =y(9)

e = phistr /eps * (1. - ullen *areab /vfree) * areab / prwt
dd = ullen *phistr * cit /eps
akil = tmpi * e- * ak2 / zb Ivzb
akl2 =tmpi * ak2 * (Philp + dd) / zb /vzb -akil * resp
pbase = pmean - akl2 * zb *zb /2. + gasden *ullen * resp*

I areab / prwt
pbase = pbase + akl2 * zb *zb *(zb I3. + ullen) /2. /zp
pbase = pbase - gasden * ullen **2 *areab * resp /2. /zp

1 / prwt
pbase = pbase - gasden * ullen **2 /2. * (1. - 2. *ullen/

1 3. / zp) * (cit - dlnrho **2)

pbase =pbase - areab ** 2 *gasden *ullen ** 2 * (1. -2.*

1 ullen/3. / zp) * resp /prwt /vfree /2.
deno = -akil * zb ** 3 / 6. /zp - ullen * akil * zb *zb/

1 2. / zp
deno = deno + gasden * ullen *areab / prwt - areab ** 2

1 gasden *ullen ** 2 * (1. - 2. * ullen / 3. / zp) /2./
1 vfree /prwt

deno = deno -gasden * ullen w* 2 * areab /2. /zp /prwt +
1 1. + akl * zb * zb / 2.

pbase = pbase / deno
if (ism. eq.0) goto530
if (ism. eq.1) goto5l0
goto520

510 ism =2
tss =sqrt(egama * rmomw / gasmas * tgas)
write(6, * )tss
tss = ullen / (ullen * odlnr + tss)
tso =y(3)
write(6, * )tss,, tso

520 coefbp = (tss + tso - y(3) - deltat) / tss
if(coefbp.gt.l.)coefbp = 1.
if (coefbp .le. 0.) then

coefbp = 0.
ism = 0

endif
pbase = coefbp * opbase + (1. - coefbp) * pbase
if(mode.eq.1)write(6, * )coefbp, opbase, pbase, ism
if (mode .eq.2) then

argi opbase /6894.757
arg2 = pbase /6894.757
write(6, * )coefbp, argi, arg2, ism

endif
530 odlnr = dlnrho

opbase pbase
pbrch = pbase *(1. + akil zb * zb / 2. + gasden * ullen

1 areab /orwt -areab ** 2 *gasden * ullen ** 2 / 2. / vfree
1 /prwt)
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pbrch = pbrch + akl2 * zb * zb /2. -gasden * ullen * areab
1 * resp / prwt

pbrch =pbrch + gasden *ullen **2 /2. * (cit - dlnrho **2)

pbrch - pbrch + areab **2 * gasden *ullen **2 *resp I2.
1 / vfree / prwt

go to 610
C

c using rga gradient
c

540 if(iswi.ne.0)go to 550
pbase =pmean
pbrch =pmean
if(pbase.gt.resp + 1.)iswi 1
go to 620

550 if(iswl.eq.2)go to 580
vzp =chain + areab * (y(2) +y()
vzb = chain + areab * (y(10) +y7)
jlzb = bint(1) + (bvol * pb + areab /2. *pb *pb) /areab
j2zb = (bvo'. + areab * pb) ** 2 Iareab /areab
j3zb = bint(3) + areab *bint(i) *pb + bvol *pb *pb /2. +

1 areab / 6. * pb ** 3
phi = 0.
phidot -0.
dmorho -0.
dmcov = 0.
dinromw =0.
rmomw = 0.
vfree = vzp - vi
do 560 k =1, nprop

rmoinw =rmomw + chwp(k) *frac(k) forcp(k) /tempp(k)
phi = chwp(k) * frac(k) + phi
if(ibo(k).eq.i)go to 560
dmorho = dmorho + tng(k) *surf(k) *z(ibrp + k)
phidot = rhop (k) *tng (k) * surf (k) z z(ibrp + k) + phidot
dmcov = rhop~k W tng W) * surf (k z z(ibrp + k) * covp (k)

1 + dmtcov
dmr omw = dmromw + r hop (k) * t ng (k) s sur f (k) z z(ib rp +t k)

1 * forcp(k) / tempp(k)
560 continue

rmomw =rmomw + chwi * forcig /tempi
gasmas =phi + chwi
gasden gasrnas / vfree
phi = (phi + chwi) / tinpi
if (phi.gt.0.99) then

iswi = 2
rbm = pbase /pinean
rbrm = pbrch /pinean
if(phi.ge.i.)go to 580

endif
dxndt = phidot
phidot -phidot / tinpi
vdotov = (dinorho + areab * yMi) /vfree
dlnrho =dmdt / gasmas - vdotov
dvoldt =drnorho + areab * yMi - drncov

c
r get time derivative of mean pressure
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C

dpmdt =(dm~romw * tgas - pmean * dvoldt + dtgas * rmornw) /volg
volprp =0.

effdia 0.
dxndxdt =0.

dmdmor =0.

avelen 0.
avedia =0.

do 570 k = 1, nprop
if(ibo(k).eq.1)go to 570
volprp = volprp + (1. - frac(k)) * chwp(k) / rhop(k)
dxndrdt = dmdmdt + rhop (k) *tng (k) *dsdx (k) z z(ibrp + k)

1 * z(ibrp + k)
dxndmrdt = drndrdt + rhop(k) *tng(k) *surf(k) *d2xdt2(k)

dmdmor = dxndmor + (dsdx(k) *z(ibrp + k) **2 + surf (k)*
d2xdt2(k)) * tng(k)
effdia - effdia + 6. * volp(k) / surf(k) *(1. - frac(k))

* chwp(k)
570 continue

clt =dmdrndt / gasmas - dmdrnor / vfree + vdotov ** 2 -(dmdt

1 / gasmas) ** 2
d2lnr = cit - areab ** 2 * pbase / vfree / prwt
d2lnr =d2lnr + areab * areab * resp / vfree / prwt
zp = chmlen + y (2) + y (7)
zb = chmlen + y (10) + y (7)
ullen zp -zb

cnow =tmpi -gasmas

vp = y(l)
effdia =effdia / cnow
prden cnow /volprp
up = yý'9)
phistr = phi -gasden * areab * ullen / trnpi
ulidot = vp -up

dphist = phidot -gasden * areab / tmpi * (ulidot + ullen*
dlnrho)

eps = 1. - (1. -phi) * tmpi / prden / vzb
epsdot = phidot *trnpi /prden /vzb + (1. - phi) *trnpi *up

* areab / prden /vzb /vzb
ug = up + (vp + ullen * dlnrho -up) / eps
alam = (1.5 * grien /grdiam) **.666666667

alarn = (0.5 + grien /grdiarn) /alarn
alam =alarn ** 2.17

c
c vis kg/s/rn
c

vis =.00007
ren =gasden / vis * effdia * abs(ug - up)
if(ren.1t.1.)ren =1.

fsrg = 2.5 * alam /ren **.081 * ((1. - eps) /(1. -epsO)*

epsO / eps) ** .45
fsc =fsrg *fsQ

phi2 = 1. -phi - phistr *(1. - eps) / eps
philp dphist * ug - phidot * up - phistr * epsdot /eps/
eps *(vp + ullen * dlnrho - up) + phistr * ulidot *dlnrho

/eps +2. * areab *phistr * ug /vzb* (ug -up)
philp = philp + phi2 * gasden / effdia /prden*
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1 (ug -up) **2 *fsc

ak2 =1. / (1. -phi2 * tmpi /prden / vzb)
phil =philp + phistr * z(1) /eps + ullen * phistr * d2lnr/

1 eps

c acceleration of forward boundary of propellant bed
C

z(9) = gasden * (ug -up) ** 2 * fsc /prden / effdia + tmpi
1 * phil *ak2 / vzb /prden

Z(10) =Y(
9)

phi3 phistr * ug *ug + (1. - phi) *up * up
e 1 . - ullen * areab / vfree
dd =ullen * phistr *cit /eps
alt =tmpi * areab Ivzb /vzb * (phi3 * areab /vzb - (philp

1 + dd -e * phistr *areab *resp / eps / prwt) *ak2)

a2t = (- tmpi * e *phistr *areab **2 / vzb /vzb / eps/
1 prwt) *ak2

bt =- tmpi * phi3 *areab* 2/2. /vzb /vzb/ vzb
pbase =pmean -gasden * ullen **2 /2. * (cit -dlnrho **2

1 + areab ** 2 *resp /prwt /vfree) *(1. - 2. *areab*
1 ullen /3. / vzp)

pbase =pbase - alt *j3zb /vzp - bt *j4zb / vzp - areab*
1 ullen *alt * jlzb /vzp

pbase =pbase - areab * bt *ullen * j2zb /vzp - gasden*
1 areab ** 2 *ullen ** 2 * resp / 2. / vzp /prwt + alt*
1 jlzb + bt *j2zb + areab * gasden * ullen *resp / prwt

deno =1. -* areab *ullen * a2t * jlzb / vzp - gasden * areab
1 **2 *ullen ** 2 /2. / vzp / prwt + a2t *j3zb / vzp - a2t
1 *jlzb + gasden * ullen * areab /prwt

demo = deno - gasden * ullen ** 2 *areab **2 /2. /vfree/
1 prwt + gasden *areab ** 3 * ullen ** 3 /3. /vzp /vfree/
1 prwt

pbase = pbase /deno
pbrch = pbase *(1. - a2t * jlzb + gasden *ullen * areab/

1 prwt - gasden *ullen **2 * areab ** 2 / 2. / vfree / prwt)
1 + gasden * ullen ** 2 /2. * (cit. - dlnrho ** 2 + areab **2

1 * resp Iprwt /vfree) - alt, * jlzb -bt * j2zb -areab*

1 gasden *ullen *resp Iprwt
go to 610

580 pbase = rbm *pmean

pbrch = rbrm *pmean

go to 610
582 areazm=areab

areaza=areazm- pi * btdia**2/4.
c writek(G,*)areazm, areaza

delta=l.
qlzp= (vzp**2- (areab*za) **2) /2. /areaba**2
q2zp=vzp* *2/areaba/areaba
q3zp= (zp-za) /areaba
q4 zp=vzp/areaba/areaba
q5zp=l ./areaba/areaba
q6zp=(areab*za**3/3.+(areab*za+areaba*(zp-za))**3/3./areaba
&**2-(areab*za)**3I3.Iareaba**2)
q8zp= (zp-za) **212.
q9zp=(vzp**3-(areab*za)**3)/6./areaba**2
& -(areab*za)**2*(zp-za)/2./areaba
qlza=za**2/2.
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q2za-vza* *2 /areab/areab
q7za-areab*za**3/6.
vp-y (1)
bt= -tmpi * y(l)*y(l)*areab*areab/2./vzp/vzp/vzp
hl= tmpi*areab*areaa*y(l) *y (1)!(vzp*vzp)
akl=-tmpi *areab*vp*vp*vza*areaa/vzp/vzp/areaza* *2
akl=akl+tmpi*areaa**2*vp**2/vzp/areaza**2/2.
akl=akl+tmpi*vp*vp*areab**2*vza**2/2 ./vzp**3/areaza**2
ajl=-tmpi*areaa**2*vp*vp/2. /vzp
fk= -2. *tmpi*vp**2*areazm*areaa/areaza/vzp*

& (areab*vza/vzp/areazm-1l 4**2
fk= fk/ (areaza+areazm)
rrl= 1. + tmpi*areab*areaa*qlza/prwt/vzp**2
tal-tmpi*areab**2*y (1)**2/vzp**3
ta4=tmpi*areab**2*resp/prwt/vzp**2
zal= (bt*q2za + (tal+ta4)*qlza)/rrl
zaO= 1./rnl
za2= - (tmpi*areab*areaba*qlza/prwt/vzp**2 ) /rrl
a3 = tmpi*areab**2*y(l)**2/vzp**3 - tmpi*areab*areaa*zal/prwt/
& vzp**2 + tmpi*areab**2*resp/vzp**2/prwt
a4l= -tmpi*areab*areaa*za2/vzp**2/prwt
a42= -tmpi*areab*areaba/vzp**2/prwt
a4 = a41+a42

c a4 - -tmpi*areab*areaa*za2/vzp**2/prwt - tmpi*areab*areaba/
c & vzp**2/prwt

a5 = - tmpi*areab*areaa*zaO/prwt/vzp**2
c3 = tmpi*areaa**2*zal/prwt/vzp - tmpi*areaa*areab*
& resp/prwt/vzp - tmpi*areaa*areab*y(l)*y(l)/vzp/vzp
c41 = tmpi*areaa*areaa*za2/vzp/prwt
c42 = tmpi*areaa*areaba/vzp/prwt
c4 = c41+c42

c c4 = delta*tmpi*areaa*areaa*za2/vzp/prwt + delta*tmpi*areaa*
c & areaba/vzp/prwt

c5 = tmpi*areaa*areaa*zaO/vzp/prwt
11 = zal+fk+a3*ql zp+c3*q3zp+bt*q2zp+hl*q4zp+ajl*qszp+akl
12 = 1-za2-a4*qlzp - c4*q3zp
13 = zaO + a5*qlzp +c5*q3zp
bi = (a3*q7za+a3*q9zp+bt*q6zp+zal*(vzp-vza)+fk*(vzp-vza)
*+c3*q8zp+h1*qlzp+ajl*q3zp+akl*(vzp-vza))/vzp

b2 = (a4*q7za+a4*q9zp+za2* (vzp-vza) +c4*q8zp) /vzp
b3 = (vza+a5*q7za+a5*q9zp+zaO* (vzp-vza) +c5*q8zp) /vzp

c calculate base pressure
pbase=(pmean/b3 - bl/b3 + 11/13)/( 12/13 + b2/b3)

c calculate breech pressure
pbrch=pmean/b3 - bl/b3 - pbase*b2/b3
pza=zal + za2*pbase + zaO*pbrch

c write(6,7)y(3),z(l) ,y(l),y(2),pmean,pbase,pbrch
c write(6,7) bl,b2,b3,ll,12,13
c write(6,7) a3,a4,a5,c3,c4,c5

z (l)= (areaa*pza+areaba*pbase-areab*resp) /prwt
go to 615

585 If(za.gt.chdist(nchpts))goto 275
Do 269 I=2,nchpts

If(za.lt.chdist(I).and.za.qt.(chdist(I-l)))goto 274
269 continue
?74 diam =( za - chdist(I-l)) /(chdist(I) - chdist(I-l))*

& (chdiam(I) - chdiam(I-l)) + chdiam(I-l)
areazm = pi * diam**2/4.
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areaza - areazm - pi * btdia**2/4.
275 continue

vp-y(1)
bt- -tmpi * y (1)*y(l) *areab*areab/2 ./vzp/vzp/vzp
hl= tmpi*areab*areaa*y(1) *y(l) /(vzp*vzp)
ak1=-tmpi*areab*vp*vp*vza*areaa/vzp/vzp/areaza* *2
akl=akl+tmpi*areaa**2*vp* *2/vzp/areaza**2/2.
akl=akl+tmpi*vp*vp*areab**2*vza**2/2./vzp**3/areaza**2
ajl=-tmpi*areaa**2*vp*vp/2. /vzp
fk= -2. *tmpi*vp**2*areazm*areaa/areaza/vzp*

& (areab*vza/vzp/areazm-1.) **2
fk= fkl (areaza+areazm)
rrl= 1. + tmpi*areab*areaa*qlza/prwt/vzp**2
tal=tmpi*areab**2*y (1)**2/vzp**3
ta4=tmpi*areab**2*resp/prwt/vzp**2
za1l= (bt*q2za + (tal+ta4)*qlza)/rrl
zaO= 1./rrn
za2= -(tmpi*areab*areaba*qlza/prwt/vzp**2 ) /rrl
a3 - tmpi*areab**2*y(1)**2/vzp**3 - tmpi*areab*areaa*zal/prwt/

& vzp**2 + tmpi*areab**2*resp/vzp**2/prwt
a41= -tmpi*areab*areaa*za2/vzp**2/prwt
a42- -tmpi*areab*aieaba/vzp**2/prwt
a4 = a4l+a42

c a4 - -tmpi*areab*areaa*za2/vzp**2/prwt - tmpi*areab*areaba/
c & vzp**2/prwt

a5 = - tmpi*areab*areaa*zaO/prwt/vzp**2
c3 = tmpi*areaa**2*zal/prwt/vzp - tmpi*areaa*areab*

& resp/prwt/vzp - tmpi*areaa*areab*y(l)*y(1)/vzp/vzp
c4l = tmpi*areaa*areaa*za2/vzp/prwt
c42 = tmpi*areaa*areaba/vzp/prwt
c4 = c43+c42

c c4 = delta*tmpi*areaa*areaa*za2/vzp/prwt + delta*tmpi*areaa*
c & areaba/vzp/prwt

c5 = trnpi*areaa*areaa*zaO/vzp/prwt
11 = zal+fk+a3*qlzp+c3*q3zp+bt*q2zp+hl*q4zp+ajl*qszp+ak1
12 = 1-za2-a4*qlzp - c4*q3zp
13 = zaO + a5*qlzp +c5*q3zp
bi = (a3*q7za+a3*q9zp+bt*q6zp+zal* (vzp-vza) +fk* (vzp-vza)
*+c3*q8zp+hl*qlzp+ajl*q3zp+akl* (vzp-vza) )/vzp
b2 = (a4*q7za+a4*q9zp+za2*(vzp-vza)+c4*q8zp)/vzp
b3 = (vza+a5*q7za+a5*q9zp+zaO* (vzp-vza) +c5*q8zp) /vzp

c calculate base pressure
pbase=(pmean/b3 - bl/b3 + 11/13)/( 12/13 + b2/b3)

c calculate breech pressure
pbrch=pmean/b3 - bl/b3 - pbase*b2/b3
pza=zal + za2*pbase + zaO*pbrch

c write (6,7) y(3),z (1), y(1), y(2) ,pmean,pbase,pbrch
c write(6,7) bl,b2,b3,ll,.12,13
c write(6,7) a3,a4,a5,c3,c4,c5

z (1) =(areaa*pza+areaba*pbase-areab*resp) /prwt
go to 615

c use lagrange pressure gradient equation
c

590 if(iswl.ne.0)go to 600
if(pmean.lt.resp)resp = pmean

c
c calctilate base pressure
C.
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600 tmp2 = 1.0 + tmpi. / 2.0 / prwt
tmr2 - 1.0 + tmpi / 2.0 / rcwt
tmr3 = 1.0 + tmpi / 3.0 / rcwt
tmr4 = rfor / areab + resp -pgas *air

pbase = pmean / tmr3
1 - tmpi / 2.0 /tmr2 * (tmr4 /rcwt - resp / prwt)
2 + tmpi / 3.0 Itmr3 * (tmr4 /rcwt - resp / prwt / 2.0)

pbase = pbase I(tmp2 / tmr2 - tmpi / tmr3 / prwt /6.0)
C

if(pbase.gt.resp + 1.)iswl =1

c calculate breech pessure
c

pbrch =pbase * tnip2 / tmr2 + trpi / 2.0 /trnr2*
1 (tmr4 / rcwt - resp / prwt)

c
c calculate projectile acceleration
c

610 z(1) - areab * (pbase - resp) /prwt
615 if(z(1).lt.0.0)go to 620

go to 630
620 if(iswl.eq.0)z(1) =0.0
630 if (y (1) . lt. 0. 0)y (l) = 0. 0

z(2) = y(l)
c
c get burning rate
c

640 do 670 m = 1, nprop
z(ibrp + mn) = 0.0
d2xdt2(m) = 0.0
if(ibo(m).eq.1) goto 670
do 650 k = 1, nbr(m)

if(pmean.gt.pres(m, k))go to 650
go to 660

650 continue
k = nbr(m)

660 pmix = pinean
if(igrad.eq.3)pmix = pbrch - (akil * pbase + akl2) /6.*

1 zb * zb
if(igrad.eq.4)pmix = pbrch + (alt + a2t * phase) * j3zb/

1 vzb + bt * j4zb / vzb
if(pmix.lt. .99 * pmean)pmix = pmean
z(ibrp + in) =beta(m, k) * (pinix * i.e - 6) **alpha(in, k)
abr(in) = alpha(m, k)
bbr (m) = beta (m, k)
d2xdt2(in) = beta(in, k) * alpha(m, k) * (pinix * .e -6) *

1 (alpha(m, k) -1.) * dpindt * i.e - 6
670 continue

do 680 i = 1, nde
d(i) = (z(i) -b(j) * p(i)) * a(j)
y(i) = deltat *d(i) + y(i)
P(i) = 3. * d(i) - ak(j) * z(i) + p(i)

680 continue
690 continue

nzp=nzp+1
if(igrad.ne.6)goto 2003
if(nzp.ne.nzpi)goto 2003
dzp=zp/50.
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open (unit=11, file=' dist .dat')
open(unit=12,file='press.dat')
do 2001 i=1,50
ddzp-i*dzp
call jint(btd,btl,zp,ddzp,nchpts,chdist,chdiarn,bint,bvol)
if(ddzp.lt.za)then
pz-pbrch.-tmpi*areab*z (1)*bint (1)/vzp/vzp
& +tal*bint(1)+bt*bint(2)
pzl-pbrch+ (a3+a5*pbrch+a4*pbase) *bint (1)+bt*bint (2)
else
pz=pza +fk-tmpi*areab*z(l)*bint(10)/vzp**2
&+tmpi*areaa*z (1)*bint (5) /vzp+bt*bint (2) +akl
& +h1*bint(6)-~bt*2.*bint(10)-h1*bint(5)+aj1*bint (7)
pz1=~za0*pbrch+zal+za2*pbase+fk+a3*bint (10)
&+a4*pbase*bint(10)+a5*pbrch*bint(l0)
&+c3*bint (5) +c4*pbase*bint (5)+c5*pbrch*bint (5)
&+bt*bint (2) +h1*bint (6) +ajl*bint (7) +akl
endif
write(6,*)vza ',za,' ddzp ',ddzp,' pza ',pza

write (11,*) ddzp
write (12, *)pz/1 .e6

2001 continue
2003 if(prwt0.ne.prwt)then

if(mode.eq.1)write(6, 1450)prwt
if (mode.eq.2)then

argl = prwt / 0.45359237
write(6, 1450)argl

endif
prwtO =prwt
lines = lines + 1

endif
t = t + deltat
told = y(3 )
if(ihl.eq.1 .and. pmean.gt.burstp)then

write(6, 1440)
ihl = 2
lines = lines + 1

endif
if(pmaxm.gt.pmean)go to 700
pmaxrn pmean
tpmaxrn y(3)

700 if(pmaxba.gt.pbase)go to 710
pmaxba = pbase
tpmxba = y(3)

710 if(pmaxbr.gt.pbrch)go to 720
pmaxbr = pbrch
tpmxbr = y(3)

720 continue
if(y(3).lt.ptime)go to 730
ptime = ptime + deltap
pjt =y(

2 ) + y(7 )
argO =y(3) * 1000.
if(mode.eq.1)write(6, 1270)arg0, z(1), y(l), pjt, pmean, pbase,
1 pbrch
if(nzp.ne.nzpi)goto 2004
write(6,*)'dpza ',dpza,' pza ',pza,' dl ',dl,' gi ',gl

c write(6, *) areaa*pza,areaba*pbase,areaa*pza+areaba*pbase
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write(6,*)Iareaa ',areaa,' areab ',areab,' areaba ',areaba
write(6,*)' vza ',vza,' vzp ',vzp
write (6, *) 'qiza-qiOza'
write (6, *) qiza, q2za, q3za, q4za
write (6, *) q5za, q6za, q7za, q8za
write (6, *) q9za, qiOza
write (6, *)' qlzp-q9zp'
write(6, *)qlzp,q2zp,q3zp,q4zp
write(6, *)qszp,q6zp,q7zp,q8zp
write (6, *)q9zp
write(6, *)
write(6,*)Izao,zal,za2,resp ',zaO,zal,za2,resp
write (6, *) 'b1,b2,b3, 11 ',bl,b2,b3, 11
write(6,*) 'l2,l3,a3,a4 ',l2,l3,a3,a4
write(6,*)I a5,c3,c4,c5 ',a5,c3,c4,c5
write(6,*)vbt,hl,akl,ajl,fk ',bt,h1,akl,ajl,fk

2004 if(mode.eq.2)then
argi - y(l) /0.0254
arg2 - pjt /0.0254
arg3 = pmean /6894.757
arg4 = pbase /6894.757
arg5 = pbrch /6894.757
arg6 =z(1) /0.0254
write(6, 1270)arg0, arg6, argi, arg2, arg3, arg4, arg5

endif
lines = lines + 1
if (igrad.gt .2)then

pjt = y(2) + y(7)
prt = y(10) + y(7)
if(mode.eq.1)write(6, 1280)prt, pjt
if (mode .eq. 2) then

argi = prt /3.28083
arg2 = pjt /3.28083
write(6, 1280)argl, arg2

endif
lines = lines + 1

endif
730 continue

if (lines.gt .linmax) then
write(6, 1236) title,vsn
write(6, 1230)
if(mode.eq.l)write(6, 1232)
if(mode.eq.2)write(6, 1234)
lines = 4

endif
if(t.gt.tstop)goto 740
if(y(2) + y(7).gt.travp)go to 740
rmvelo = y(l)
tmvelo = y(23)
rcvelo = y(6)
disto = y(2) + y(7)
go to 250

740 if(lines.gt.linmax-nprop-25) write(6, 1236) title,vsn
write(6, 1290)t, y(3)
if (mode. eq. 1) write (6, 1300) -maxm, tpmaxm, pmaxba, tpmxba, ?maxbr,
1 tpmxbr
if (mode.eq. 2) then

pmaxm = pmaxm / 6894.757
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pinaxba -pmaxba / 6894.757
pmaxbr = pmaxbr / 6894.757
write(6, l3lO)pmaxm, tpmaxrn, pmaxba, tpmxba, pmaxbr, tpmxbr

endif
if(y(2) + y(7).le.travp)goto 750
dfract =(travp - disto) /(y(2) + y(7) - disto)
rmvel =(y(l) - rmvelo) *dfract + rmvelo
tmvel (y(3) - tmfvelo) *dfract + tmvelo
rcvel -(y(6) - rcvelo) *dfract + rcvelo
if(mode.eq.1)write(6, 1320)rmvel, tmvel, rcvel
if (mode.eq.2)then

rmvel - rmvel * 3.28083
rcvel = rcvel * 3.28083
write(6, 1330)rmvel, tmvel, rcvel

endif
go to 760

750 if(mode.eq.1)write(6, l3 40)y(l), y(3)
if (mode .eq. 2) then

argi = y(1) * 3.28083
write(6, 1350)arql, y(3)

endif
760 efi = chwi * forcig / (gamai - 1.)

efp = 0.0
do 770 i 1, nprop

efp =efp + chwp(i) * forcp(i) /(gaxnap(i) -1.0)

770 continue
tenerg =efi + efp
if(mode.eq.1)write(6, 1360)tenerg
if(mode.eq.2)tenerg - tenerg / 0.1129848
if(mode.eq.2)write(6, 1370)tenerg
tengas = chwi * forcig *tgas / (gamai - 1.) / tempi
do 780 i - 1, nprop

tengas =(frac(i) *chwp(i) * forcp(i) * tgas /tempp(i)/
1 (gamap(i) - 1.)) + tengas

780 continue
write(6, 1380) (i, frac(i), tbo(i), i =1, nprop)
if(mode.eq.1)write(6, 1390)
if (mode.eq.2)then

tengas = tengas / 0.1129848
elpt = elpt /0.1129848
elpr = elpr /0.1129848
elgpm = elgpm / 0.1129848
elbr = elbr /0.1129848
elrc = elrc /0.1129848
elht = elht /0.1129848
31ar = elar /0.1129848
write (6, 1400)

endif
pctenl - tengas / tenerg * 100.0
pcten2 = elpt /tenerg * 100.0
pcten3 = elpr /tenerg * 100.0
pcten4 = elgpm / tenerg * 100.0
pcten5 = elbr /tenerg * 100.0
pcten6 = elrc /tenerg * 100.0
pcten7 = elht /tenerg * 100.0
pcten8 = elar /tenerg * 100.0
write(6, 1410)tengas, pctenl, elpt, pcten2, elpr, pcten3,
1 elgprn, pcten4, elbr, pcten5, elrc, pcten6, elht, pcten7,
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2 elar, pcten8
stop

790 write( *, 1420)
stop

800 write( *, 1430)
810 continue
820 continue

stop
830 format (' input name of data file to be used as input ')
840 format (alO)
850 format (' input name of output file ')
860 format (/' the input file is ',alO/)
870 format (' input data units - "metric" or "english"')
880 format (' must use quoted "im" or "e" as first character of',

1 ' input file'!' to specify metric or english input units')
885 format (15a4)
890 format (lx,'using lagrange pressure gradient')
900 format (lx,'using chambrage pressure gradient')
910 format (lx,'using rga gradient')
920 format (///,' chamber distance m chamber diameter m',/

1 (5x,e14.6,5x,e14.6))
925 format (///,' chamber distance in chamber diameter in',/

1 (5x,e14.6,6x,e14.6))
930 format (lx,'use first 5 points')
940 format (lx,' # points ? ')
950 format (lx,'using 2 phase gradient equation')
960 format (/" chamber volume m**3 ',e16.6/

1 ' groove diam m ",e16.6/" land diam m ',e16.6/
1 ' groove/land ratio ',e16.6/" twist turns/caliber ",e16.6/
1 ' projectile travel m',e16.6//' gradient # ',i3,//
1 ' variable mass switch',i3/' container switch',i7!
1 ' friction factor ',e18.6/)

970 format (/' chamber volume in**3 ",e16.6/
1 ' groove diam in ',e16.6/' land diam in ",e16.6/
1 ' groove/land ratio ',e16.6/' twist turns/caliber ',e16.6/
1 ' projectile travel in',el6.6//' gradient # ",i3,//
1 ' variable mass switch',i3/' container switch',i7/
1 ' friction factor ',e18.6/)

980 format (lx,'number of variable projectile mass points ',i2,/
1 lx,' travel (m) projectile mass (kg)'/
1 (1x,e14.6,e14.6))

985 format (lx,'number of variable projectile mass points ',i2,/
1 lx,' travel (in) projectile mass (lb)'/
1 (lx,e14.6,e14.6))

990 format (ix,'canister burst pressure (mpa)',el4.6/
1 Ix,'canister volume (m^3) ',e14.6/
1 lx,'canister diameter (m) ',e14.6)

1000 format (lx,'canister burst pressure (psi)',el4.6/
1 lx,'canister volume (inA3) ',e14.6/
1 lx,'canister diameter (in) ',e14.6)

1010 format (/' projectile mass kg',34x,e14.6/
1 ' switch to calculate energy lost to air resistance ',i3/
1 ' fraction of work against bore used to heat the tube',el4.6/
1 ' gas pressure mpa ',e14.6)

1020 format (W' projectile mass lb',34x,e14.6/
1 ' switch to calculate energy lost to air resistance ',i3/
1 ' fraction of work against bore used to heat the tube',el4.6/
1 ' gas pressure psi ',e14.6)
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1030 format (I' number barrel resistance points ',i2/
1 ' bore resistance mpa - travel m '/(3x,e14.6,8x,el4.6))

1040 format (/' number barrel resistance points ',i2/
1 ' bore resistance psi - travel inches '/(3x,e14.6,e22.6))

1050 format (1x)
1060 format (U

1 ' mass of recoiling parts kg ',e14.6/
1 ' number of recoil point pairs ',i3/
1 ' recoil force J',' recoil time sec'/, (lx,e14.6,3x,e14.6))

1070 format (/
1 ' mass of recoiling parts lb ',e14.6/
1 ' number of recoil point pairs ',i3/
1 ' recoil force in-lb',' recoil time sec'/
1 (1x, e14.6,3x, e14.6))

1080 format (U
1 ' free convective heat transfer coefficient w/m^2 k ',e14.6/
1 ' chamber wall thickness m ' e14.6/
1 ' heat capacity of steel of chamber wall j/kg k ',e14.6/
1 ' initial temperature of chamber wall k ',e14.6/
1 ' heat loss coefficient ' ,e14.6/
1 ' density of chamber wall steel kg/m^3 ',e14.6/)

1090 format (U
1 ' free convective heat transfer coef in-lb/inA2-s-k ',e14.6/
1 ' chamber wall thickness (inches) ',e14.6/
1 ' heat capacity of steel of chamber wall in-lb/lb-k ',e14.6/
1 ' initial temperature of chamber wall k ',e14.6/
1 ' heat loss coefficient ',e14.6/
1 ' density of chamber wall steel lb/in^3 ',e14.6/)

1100 format (
1 ' impetus of igniter propellant j/kg ',e14.6/
1 ' adiabatic flame temperature of igniter propellant k',e14.6/
1 ' covolume of igniter mA3/kg ',e14.6/
1 ' ratio of specific heats for igniter ',e14.6/
1 ' initial mass of igniter kg ',e14.6/)

1110 format
1 ' impetus of igniter propellant ft-lb/lb ',e14.6/
1 ' adiabatic flame temperature of igniter propellant k',e14.6/
1 ' covolume of igniter ftA3/lb ', e14.6/
1 ' ratio of specific heats for igniter ',e14.6/
1 ' initial mass of igniter lb ',e14.6/)

1120 format (/P there are ',i2,' propellants'//)
1130 format ((' for propellant number',i2//

1 ' impetus of propellant j/kg ',e14.6/
1 ' adiabatic temperature of propellant k ',e14.6/
1 ' covolume of propellant mA3/kg ',e14.6/
1 ' ratio of specific heats for propellant ',e14.6/
1 ' initial mass of propellant kg ',e14.6/
1 ' density of propellant kg/mA3 ',e14.6/
1 ' number of perforations of propellant ',i3/
1 ' length of propellant grain m ',e14.6/
1 ' perforation diameter m ',e14.6/
1 ' outside diameter of propellant grain m ',e14.6/)/)

1140 format ((' for propellant number',i2//
1 ' impetus of propellant ft-lb/lb ',e14.6/
1 ' adiabatic temperature of propellant k ',e14.6/
1 ' covolume of propellant in^3/lb ',e14.6/
1 ' ratio of specific heats for propellant ',e14.6/
1 ' initial mass of propellant lb ',e14.6/
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1 ' density of propellant lb/in^3 ,e14.6/
1 ' number of perforations of propellant ',i3/
1 ' length of propellant grain in ',e14.6/
1 ' perforation diameter in ',e14.6/
1 ' outside diameter of propellant grain in',el4.6/)/)

1150 format (P' for propellant ',i2,' the total number of ains'
1 ,' is ',e14.6)

1160 format (' number of burning rate points',i2/
1 ' exponent coefficient pressure'/
1 ' m/sec-mpa-ai mpa')

1170 format (' number or burning rate points',i2/
1 ' exponent coefficient pressure'/
1 ' in/sec-psi^ai psi')

1180 format (lx,e14.6,5x,e14.6,4x,e14.6)
1190 format (' time increment msec ',e14.6/

1 ' print increment msec ',e14.6/
1 ' time to stop calculation msec',el4.6)

1200 format (lx,'end input data -- i.b. calculation start')
1210 format (W' area bore m^2 ',e27.6/' pressure from i-7n pa',e21.6/

1 ,' volume of unburnt prop m^3 ',e14.6/
1 ' init cham vol-cov ign mA3 ',e15.6)

1220 format (I' area bore in^2 ',e29.6/' pressure from ign psi',e23.6/
1 ,' volume of unburnt prop in^3 ',e16.6/
1 ' init cham vol-cov ign in^3 ',e17.6)

1230 format (I' time accel velocity distance pr mean',
1 ' pr base pr brch')

1232 format ( ' (ms) (m/s/s) (mIs) (M) (Pa) ',
1 ' (Pa) (Pa)')

1234 format ( ' (ms) (in/s/s) (in/s) (in) (psi) ',
1 ' (psi) (psi)')

1236 format (lhl,3x,15a4,' rga.',a4)
1240 format (' propellant',i2,' has slivered')
1250 format (' propellant',i2,' has burned out')
1270 format (lx,lp7ell.4)
1280 format (lx,'prop travel',ell.4,'proj travel',ell.4)
1290 format (/lx,' deltat t', e14.6, ' intg t',e14.6)
1300 format (P' pmaxmean pa ',Ipel4.7,' time at pmaxmean sec ',

1 Opel6.6/' pmaxbase pa ',ipe14.7,' time at pmaxbase sec ',
1 Opel6.6/' pmaxbreech pa ',lpel4.7,' time at pmaxbreech sec ',
1 Opel4.6)

1310 format (W' pmaxmean psi',fl14.3,' time at pmaxmean sec ',
1 Opel6.6/' pmaxbase psi',fl4.3,' time at pmaxbase sec ',
1 Opel6.6/' pmaxbreech psi',fl4.3,' time at pmaxbreech sec ',
1 Opel4.6)

1320 format (/lx,'muzzle velocity m/s ',e14.6,' time of muzzle exit
1 e14.6,' sec'//Ix,'recoil velocity m/s ',e14.6)

1330 format (/lx,'muzzle velocity ft/s ',e14.6,' time of muzzle exit ',
1 e14.6,' sec'//lx,'recoil velocity ft/s ',e14.6)

1340 format (I ' velocity of projectile m/s ',e14.6,' at time ',e14.6,
1 ' sec')

1350 format (U ' velocity of projectile ft/s ',e14.6,' at time ',e14.6,
1 ' sec')

1360 format (/lx,'total initial energy available j = ',e14.6/)
1370 format (/lx,'total initial energy available in-lb = ',e14.6/)
1380 format (' propellant mass fraction burnt time (sec)'/

1 (4x,i2,9x,e14.6,5x,e14.6))
1390 format (/' ** energy summary **',23x,'joules',1lx,'Q')
1400 format (/' ** energy summary **',23x,' in-lb',llx,'%')
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1410 format (lx,'total eziirgy remain'ng in gas',llx,' = ',e14.6,fll.4
1 /lx,'energy loss from projecuile translation = ',el4.6,fl1.4
1 /lx,'t-nergy loss frcn projectile rotation = ',e14.6,fll.4
1 /lx,'energy lost to gas and propellant motion - ',el4.6,fll.4
I /Ilx,'energy lost to bore resistance -',el4.6,fl1.4
1 /lx,'energy lost to recoil = ',el4.6,fll.4
1 /l,'energy loss from heat transfer = ',eI4.6,fll.4
1 /ix,'eiergy lost to air resistance = ',e14.6,fll.4)

1420 format (Jx,'end of file encountcr')
1430 format l1x,'read or write error')
1440 format (' canister burst pressute achieved')
1450 forrat (' projectile mass ti;nsition point - new mass =

1 lpell.4)
end
subroutine prt7lO(pd, gd, 1l, np, x, frac, vol, surf, dsdx)
common nsl, kpr, fracsl(lO), dsdxsl(10), surfsl(10), nslplO),

1 tsl(10), pbrch, pbase, pmean, bbr(10), abr(l0), deltat, yar(20),
1 igrad
dimension ts(10), coef(10)
pi = 3.141593
nsl = 0

C
c pd=perforation diameter
c gd=outer dia
c gl=grain length
c np=number of perfs
c
c surf=output surface area
c frac=output mass fraction of propellant burned
c
c w = web = distance between perforation edges
c = distance between outside perf edge and edge of grain
c
c p = distance between perforation centers
c
c xl = distance to inner sliver burnout
c
c x2 = distance to outer sliver burnout (frac=l)
c

if(np.eq.0) go to 70
if(np.eq.l)go to 90
if(np.eq.2)go to 210
if(np.eq.7)go to 10
if(np.eq.19)go to 110
if(np.eq.15)go to 180
write(6, 220)
stop

10 w = (gd - 3. * pd) / 4.
d = w + pd
sqr3 = sqrt (3.)
xl = d / sqr3 - pd / 2.
x2 = (14. - 3. * sqr3) * d / 13. - pd / 2.
vO = pi/ 4. *gl * (gd *gd - 7. *pd * pd)
sO = 2. *vO /gl + pi * gl * (gd + 7. * pd)
if (x.gt.w / 2. + .0000001) goto 20
vol = pi / 4. * (gl - 2. * x) * ((gd - 2. * x) ** 2- 7. * (pd +

1 2. * x) ** 2)
surf = 2. * vol / (gl - 2. * x) + pi * (gl - 2. * x) * ((gd - 2.
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1 * x) + 7. * (pd + 2. * x))
frac - 1. - vol / vO
dsdx - - 4 * pi* (gd + 7. *pd - 3. * gl + 18. *x)
dsdxsl(kpr) = dsdx
fracsl(kpr) = frac
surfsl(kpr) = surf
return

20 nsl = 1
coef(kpr) = 0.
if(igrad.eq.l.or.igrad.eq.2)go to 40
if(nslp(kpr) .eq.l)goto 30
tsl(kpr) = yar(3)
ts(kpr) = w / 2. * ( - 1. + (pbrch / pmean) ** abr(kpr)) /

1 (bbr(kpr) * (pbase * l.e - 6) ** abr(kpr))
30 continue

coef(kpr) (ts(kpr) + tsl(kpr) - (deltat + yar(3))) I ts(kpr)
if(coef(kpr).gt.l.)coef(kpr) = 1.
if(coef(kpr).lt.0.)coef(kpr) = 0.

40 if(x.ge.x2)goto 60
sl = 0.
s2 = 0.
v1 = 0.
v2 = 0.
dsldx = 0.
ds2dx = 0.
y = sqrt((pd + 2. * x) ** 2 - d *d)
theta = atan(y / d)
al = theta / 4. * (pd + 2. *x) **2 - d/ 4. *y
if(x.ge.xl)goto 50
vl = 3. / 4. * (gl - 2. * x)
vl = vl * (2. * sqr3 * d * d - pi * (pd + 2. * x) 4, 2 + 24. * al)
sl = 2. * vl / (gl - 2. * x)
sl = sl + 3. * (gl - 2. * x) * (pi - 6. * theta) * (pd + 2. * x)

50 yl = sqrt((gd - 2. * x) ** 2 - (5. * d - 2. * (pd + 2. * x)) ** 2)
chi = atan(yl / (5. * d - 2. * (pd + 2. * x)))
y2 = sqrt((pd + 2. * x) ** 2 - (3. * d - 2. * (pd + 2. * x)) ** 2)
phi = atan(y2 / (3. * d - 2. * (pd + 2. * x)))
a2 = phi * (pd + 2. * x) ** 2 - chi * (gd - 2. * x) ** 2
a2 = (a2 + 2. * sqr3 * d * sqrt((3. * d - pd - 2. * x) * (3. * d

1 - gd + 2. * x))) / 8.
v2 = pi * (gd - 2. * x) ** 2 - 6. * sqr3 * d * d - 4. * pi * (pd

1 + 2. * x) ** 2
v2 = (v2 + 24. * (al + 2. * a2)) * (gl - 2. * x) / 4.
s2 = 2. * v2 / (gl - 2. * x)
s2 = s2 + (gl- 2. * x) * ((pi - 6. * chi) * (gd- 2. * x) + 2. *

1 (2. * pi - 3. * phi - 3. * theta ) * (pd + 2. * x))
vol = vl + v2
surf = sl + s2
frac = 1. - vol / vO
dsdx = - surf / (x2 - x)
dsdx = coef(kpr) * dsdxsl(kpr) + (1. - coef(kpr)) * dsdx
dsdxsl(kpr) = dsdx
frac = coef(kpr) * fracsl(kpr) + (1. - coef(kpr)) * frac
fracsl(kpr) = frac
surf = coef(kpr) * surfsl(kpr) + (1. - coef(kpr)) * surf
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surfsl(kpr) = surf
return

60 vol = 0.
surf = 0.
frac = fracsl(kpr) * coef(kpr) + 1. - coef(kpr)
fracsl(kpr) = frac
if(frac.gt..9999) frac = 1.
if(frac.gt..9999)return
dsdx = 0.
dsdx = dsdxsl(kpr) * coef(kpr)
dsdxsl(kpr) = dsdx
if(abs(dsdx).lt.1.)dsdx = 0.
surf = surfsl(kpr) * coef(kpr)
surfsl(kpr) = surf
return

c
c zero perf calculations start here.
c

70 if(gd - 2. * x.le.0.0) go to 80
vO = pi * gd * gd / 4. * gl
vol = pi * (gd - 2. * x) ** 2 / 4. * (gl - 2. * x)
frac = 1. - vol / vO
surf = pi / 2. * (gd- 2. * x) ** 2 + pi * (gd- 2. * x) * (gl-
1 2. *x)

dsdx = - 2. * pi * (gd + gl - 6. * x)
return

c
c grain completely burned
c

80 surf = 0.
frac = 1.0
vol = 0.
dsdx = 0.
nsl = 1
return

c
c one perf calculation starts here
c

90 if(gd - pd - 4. * x.le.0.0) goto 80
vO = pi / 4. * (gd * gd - pd * pd) * gl
vol -pi / 4. * ((gd - 2. * x) ** 2- (pd + 2. * x) ** 2) * (gl-

1 2. * x)
frac = 1. - vol / vO
surf = pi / 2. * ((gd - 2. *x) **2 - (pd + 2. *x) **2)
surf = surf + pi * (gd - 2. * x) * (gl - 2. * x)
surf = surf + pi * (pd + 2. * x) * (gl - 2. * x)
dsdx = - 4. * pi * (gd + pd)
return

c
"c below is the calculation for the cylindrical 19 perf grain.
c programmer:fred robbins
"c input
c
c p = perf diameter
c d = grain diameter
c gl = grain length
c x = distance burnt
c
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c output
c
c vol - the volume of one grain at x.
c surf = the surface area of one grain at x.
c frac = the fraction of grain burnt at x.
c
c w=web
c

110 p = pd
d - gd
w (d - 5. * p) / 6.
pi 3.141592654
sqrt3 = sqrt (3.)
sqrt5 = sqrt(5.)
sqrt6 - sqrt(6.)
sqrtlO = sqrt(1l.)

c
c initial volume and surface area
c

vO - pi! 4. *gl* (d * d 19. *p *p)
sO = 2. * vO / gl + pi * gl * (d + 19. * p)

c
c xl = distance to inner sliverr burnout
c x2 = distance to outer sliver burnout
c dbc = distance between perforation centers
c assumes burnout does not occur in longitudinal direction
c wl = secondary web
c

dbc = w + p
wl = 0.5 * (d - p -2. * sqrt3 * dbc)
xl = dbc / sqrt3 - p / 2.
x2 = 0.25 * (dbc * (6. - sqrtlO) - 2. * p)
if(x.gt.w / 2.)go to 120

c
c not slivered yet
c

vol = pi / 4. * (gl - 2. * x) * ((d - 2. * x) ** 2 - 19. * (p + 2.
1 * x) ** 2)
surf = 2. * vol / (gl - 2. * x) + pi * (gl - 2. * x) * (d - 2. *

1 x + 19. * (p + 2. * x))
dsdx = pi * ( - 4 * d + 36 * gl - 76 * p - 216 * x)
frac = 1. - vol / vO
dsdxsl(kpr) = dsdx
fracsl(kpr) = frac
surfsl(kpr) = surf
return

c
c vl=total volume of inner sliver, v2=total volume of outer sliver
c sl=total surface area of inner slivers, s2=total surface area of
c outer slivers
c

120 vl = 0.
v2 = 0.
sl = 0.
s2 = 0.
delta = 0.
chi = 0.
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nsl = 1
coef(kpr) = 0.
if(igrad.eq.l.or.igrad.eq.2)go to 140
if(nslp(kpr).eq.1)goto 130
tsl(kpr) = yar(3)
ts(kpr) = w / 2. * ( - 1. + (pbrch / pmean) ** abr(kpr)) /

1 (bbr(kpr) * (pbase * l.e - 6) ** abr(kpr))
130 continue

coef(kpr) = (ts(kpr) + tsl(kpr) - (deltat + yar(3))) / ts(kpr)
if(coef(kpr).gt.i.)coef(kpr) = 1.
if(coef(kpr).lt.0.)coef(kpr) = 0.

140 a3 = 0.
if(x.ge.x2)go to 170
theta = acos(dbc / (p + 2. * x))
al = theta /4. * (p + 2. * x) ** 2 - dbc / 4. * sqrt((p + 2. * x)

1 ** 2 - dbc * dbc)
if(x.gt.xl)go to 150
vl = 3. * (gl - 2. * x) * (2. * sqrt3 * dbc * dbc - 4i + (p + 2.

1 * x) *- 2 + 24 * al)
sl = 2. * vl / (gl - 2. * x) + 12. * (gl - 2. * x) * (pi -6. *

1 theta) * (p + 2. * x)
150 phi = acos((5. * d - 13. * p - 36. * x) / (12. * (p + 2. * x)))

xi = acos((13. * d - 5. * p - 36. * x) / (12. * (d - 2. * x)))
if(x.le.wl / 2.)go to 160
delta = acos((2. * d - p - 6. * x) / (sqrt3 * (d - 2. * x)))
chi = acos((d - 2. * p - 6. * x) / (sqrt3 * (p + 2. * x)))
a3 = .125 * (chi * (p + 2. * x) ** 2 - delta * (d - 2. * x) ** 2

1 + 2. * sqrt6 * dbc * sqrt(6. * dbc * (p + 2. * x - dbc) - (p + 2.
1 * x) ** 2))

160 a2 = .125 * (phi * (p + 2. * x) ** 2 - xi * (d - 2. * x) ** 2 + 2.
1 * sqrt5 * dbc * sqrt((5. * dbc - p - 2. * x) * (5. * dbc - d + 2.
1 * x)
v2 = .25 * (gl- 2. * x) * (pi * (d- 2. * x) ** 2 - 7. * pi *

1 (p+2. * x) ** 2 - 24. * sqrt3 * dbc * dbc + 48. * (al + a2 + a3))
s2 = 2. * v2/ (gl- 2. * x) + (gl- 2. * x) * ((d- 2. * x) * (pi

1 - 6. * (xi + delta)) + (p + 2. * x) * (7. * pi - 6. * (2. * theta
1 + chi + phi)))
vol . vl + v2
surf = sl + s2
dsdx = - surf / (x2 - x)
frac 1. - vol / vO
dsdx = coef(kpr) * dsdxsl(kpr) + (I. - coef(kpr)) * dsdx
dsdxsl(kpr) = dsdx
frac = coef(kpr) * fracsl(kpr) + (1. - coef(kpr)) * frac
fracsl(kpr) = frac
surf = coef(kpr) * surfsl(kpr) + (1. - coef(kpr)) * surf
surfsl(kpr) = surf
return

170 vol = 0.
surf = 0.
frac = fracsl(kpr) * coef(kpr) + 1. - coef(kpr)
fracsl(kpr) = frac
if(frac.gt..9999) frac = 1.
if(frac.gt..9999)return
dsdx = 0.
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dsdx - dsdxsl(kpr) * coef(kpr)
dsdxsl(kpr) = dsdx
if(abs(dsdx).lt.l.)dsdx = 0.
surf - surfsl(kpr) * coef(kpr)
surfsl(kpr) - surf
return

c
c below is the calculation for the 19 perf hex grain.
c programmer:karen a. cieslewicz<std.cont.>
c
c translation of the input values.
c p= perf diameter
c d= grain diameter
c gl= grain length
c x- distance burnt
c
c translation of the output values.
c vol= volume of one grain at x.
c surf= surface area of one grain at x.
c frac= mass fraction of the grain burnt at x.
c
c assignment statement for pi.

180 pi = 3.141592654
sqrt3 = sqrt(3.)
p = pd
d = gd

c
c d=6w + 5p is the statement for the grain diameter which will be
c used to calculate the web.
c
c to calculate the web.

w - (d - 5. * p) / 6.
c
"c below is the equation to calculate the distance between the perf cen-
"c ters.

dpc = p + w
"c to calculate the grain diameter between the flats.

f - 2. * (sqrt3 * dpc + p / 2. + w)
c
c to calculate the distance burnt.

xl = dpc / sqrt3 - p / 2.
x2 = 0.125 * (5. * dpc - 4. * p)

c
c to calculate the area.

a - sqrt3/3. * ((w + p / 2.) ** 2) - pi / 6. * ((w + p / 2.) **2)
c
c to calculate the initial volume of the sharp corner grain.

vs = gl / 4. * (2. * sqrt3 * f ** 2 - 19. * pi * p ** 2)
c
c to calculate the volume that will be removed from the grain.

vr = 6. * a * gl
c
"c to calculate the initial volume for the 19hex grain with rounded
"c corners.

vo = vs - vr

c
c to calculate the initial surface area of the sharp corner grain.

ss = 2. *vs / gl + gl * (2. * sqrt3 * f + 19. * pi * p)
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C
c to calculate the surface area that will be removed from the grain.

sr - 12. * a + gl * (w + p / 2.) * (4. * sqrt3 - 2. * pi)
c
"c to calculate the initial surface area for the 19hex grian with rounded
"c corners.

so - ss - sr
c
"c to calculate the unknows of the grain under the condition x.le.5*w.

if(O.le.x.and.x.le.w / 2.) then
a = sqrt3 / 3. * (w - 2. * x + (p + 2. * x) / 2.) ** 2 - pi /

1 6. * (w - 2. * x + (p + 2. * x) / 2.) ** 2
"c to calculate the volume that will be removed from the sharp corner gra

vr = 6. * a * (gl - 2. * x)
"c to calculate the volume for the sharp corner grain at some distance bu

vn = .25 * (gl - 2. * x) * (2. * sqrt3 * (f - 2. * x) ** 2. -
1 19. * pi* (p + 2. * x) **2.)

c
c to calculate the volume for the 19hex grain with rounded corners.

v = vn - vr
c
"c to calculate the surface area that will be removed from the sharp
"c corner grain.

sr = 12. * a + (gl - 2. * x) * (w - 2 * x + (p + 2. * x) /2.)
1 * (4. * sqrt3 - 2. * pi)

"c to calculate the surface area for the sharp corner grain.
sn = 2. * v / (gl -2. *x) + (gl - 2. * x) * (2. * sqrt3* (f

1 - 2. * x) + 19. *pi *(p + 2. * x))
c
"c to calculate the surface area for 19hex grain with rounded corners.

s = sn - sr
"c to calculate the mass fraction.

frac = 1 - v / vo
dsdx = - 8. * sqrt3 * (f - 2. * x) - 76. * pi * (p + 2. * x)

1 + (gl - 2. * x) * ( - 4. * sqrt3 + 38. * pi) + 16 * sqrt3 *
1 (w + p /2. - x) - 8. *pi* (w + p / 2. -x) + (gl -2. * x)
1 * (4. *sqrt3 - 2. * pi)

surf = s
vol = v
dsdxsl(kpr) = dsdx
fracsl(kpr) = frac
surfsl(kpr) = surf
return

endif
c
"c due to the cross section at the sliver point x-.5*w there will be 24
"c identical inner slivers,12 identical side slivers, after slivering th
"c surface area and the volume function become more complex. each type
0
"c sliver will be treated separately and later the volumes will be combin
"c to complete the function.
c
c to calculate the 12 identical side slivers for the grain x-.5/w.

nsl - 1
coef(kpr) = 0.
if(igrad.eq.l.or.igrad.eq.2)go to 200
if(nslp(kpr) .eq.l)goto 190
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tsi(kpr) = yar(3)
ts(kpr) =w I2. * .+(bc ~al *abr(kpr))/

1 (bbr(kpr) *+pae ~ 6)rc /* abrep))

190 continue pae le-6 abkr)

coef(kpr) = (ts(kpr) + tsl(kpr) -(deltat + yar(3))) / ts(kpr)
if(coef(kpr).gt.1.)coef(kpr) - 1.
if(coef(kpr).lt.0.)coef(kpr) = 0.

200 if(w / 2.lt.x.and.x.lt.xi.and.x.lt.x2) then
C

"c to calculate the areas of the grain.
a = sqrt3 /3. *(w - 2. * x + (p + 2. *x) / 2.) ** 2 - pi/

1 6. * (w -2. *x + (p + 2. * x) /2.) **2

theta = acos(dpc /(p + 2. *x))

al =theta/4.* (p +2.*x) *2 -dpc/4. *sqrt((p +2.
1 * x) **2 -dpc ** 2)

omega =acos(2. *dpc / (p + 2. *x .
a2=0.125 * (p +2. * x) * ((p + 2 . *x) *(omega +sin(omega

1 )) -2. * dpc * sin(omega))
"c to calculate the volumes of the grain.

vi = 3. * (gi - 2. * x) * (2. * sqrt3 * dpc ** 2 - pi * (p +
1 2. *x) ** 2 + 24. * al)

v2 = 6. * (gl - 2. * x) * (2. * dpc **2 - dpc *(p + 2. *x)

1 - pi / 4. * (p + 2. * x) ** 2 + 2. *al + 4. *a2)
"c to calculate the surface areas of the grain.

s1 =2. * vl / (gl-2. *x) + 12. *(gi-2. *x) *(pi-6.

1 * theta) * (p + 2 . x)
s2 =2. * v2 / (gl-2. *x) + 12. *(gl-2. *x) *(dpc + (p

1 + 2. * x) * (pi / 2. - omega - theta - sin(omega)))
"c to calculate the total volume and total surface area.

vf =v1 + v2
sf = si + s2

"c to calculate the mass fraction.
frac = 1. - vf /vo
surf = sf
dsdx = - surf /(x2 - x)
Vol = vf
dsdx = coef(kpr) * dsdxsl(kpr) + (1. - coef(kpr)) * dsdx
dsdxsl(kpr) = dsdx
frac = coef(kpr) * fracsl(kpr) + (1. - coef(kpr)) * frac
fracsl(kpr) =frac
surf = coef(kpr) * surfsl(kp~r) + (1. - coef(kpr)) * surf
surfsl(kpr) = surf
return

endif
if(x.gt.xl.and.x.lt.x2)then

"c to calculate the area of the grain.
a = sqrt3 /3. *(w - 2. * x + (p + 2. *x) / 2.) ** 2 - piI

1 6. * (w-2. x+ (p+2. * x) /2.) *2
theta = acos(dpc /(p + 2. *x))

al1=theta/4.*(p +2.*x)**2 -dpc/4. *sqrt((p +2.
1 * x) **2 -dpc ** 2)

omega =acos(2. *dpc / (p + 2. *x)-1)
a2 = 0.125 * (p + 2. * x) *H(p + 2. *x) *(omega +

1 sin(omega)) - 2. * dpc * sin(omega))
"c to calculate the volume of the grain.

v2 =6. * (g1 -2. * x) * (2. * dpc *2 .dpc *(p +2. * x)
1 - pi / 4. * (p + 2. * x) ** 2 + 2. *al + 4. *a2)

"c to calculate the surface area of the grain.
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s2 = 2. * v2 / (gI - 2. * x) + 12. * (gI - 2. * x) * (dpc + (p
1 + 2. * x) * (pi / 2. - omega - theta - sin(omega)))

c to calculate the volume and the surface area.
vf = v2
sf = s2

c to calculate the the mass fraction.
frac = 1 - vf /vo
surf = sf
dsdx = - surf /(x2 - x)
Vol =vf
dsdx = coef(kpr) * dsdxsl(kpr) + (1. - coef(kpr)) * dsdx
dsdxsl(kpr) = dsdx
frac = coef(kpr) * fracsl(kpr) + (1. - coef(kpr)) * frac
fracsl(kpr) = frac
surf = coef(kpr) * surfsl(kpr) + (1. - coef(kpr)) * surf
surfsl(kpr) = surf
return

endif
if (x.gt .x2) then

dsdx = 0.
surf = 0.
Vol =0.
frac = fracsl(kpr) * coef(kpr) + 1. -coef(kpr)

fracsl(kpr) = frac
if(frac.gt. .9999) frac = 1.
if(frac.gt. .9999)return
dsdx = 0.
dsdx = dsdxsl(kpr) * coef(kpr)
dsdxsl(kpr) = dsdx
if(abs(dsdx).lt.l.)dsdx = 0.
surf = surfsl(kpr) * coef(kpr)
surfsl(kpr) = surf
return

endif
stop

c
c spherical grain calculations start here
c

210 if (gd .le. 2.*x) goto 80
vol =pi /6. * (gd -2. * x) ** 3
surf pi *(gd - 2. *x) ** 2
frac ((gd - 2. * x) /gd) ** 3
dsdx =pi * 4. * (2. *x - gd)
return

c
220 format (lx,'unacceptable granulation')

end
subroutine jint(btdia,btlen,x,y,nchpts,chdist,chdiam,bint,bvol)
dimension bint(l0),chdist(6),chdiam(6)
pi=3. 141593
areaa-pi*btdia*btdia/4.
distbp-x-bt len
point s-10.
step=y/points
zz=0.
bvoll-O.
i chg= 0
do 1 j=1,10
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bint (j) =0.
2. continue

if(step.1t. 1.e-1O)then
bint (7) =1./ (pi* (chdiam(l) **2/4.)) **2
return
endif
nt sw=0

do 2 j=2,nchpts
if(y.gt.chdist(j)) go to 2
nchp=j
i chg= 1
holddt-chdist (j)
holddm=chdiam (j)
diam- (y-chdist (j-1) )/ (chdist (j) -chdist (j-1))
chdiam(j)=chdiam(j-l)+diam*(chdiaxn(j)-~chdiam(j-1))
chdist (j)=y
go to 3

2 continue
nchp=nchpts+l
chdist (nchp)=y
chdiam(nchp) =chdiam(nchpts)

c write(6,*)chdist(nchp-1) ,chdist(nchp)
c 910 format(lx,2e11.4)
3 continue

areal=chdiam(1)**2 * pi / 4.
bint5o=0 .0
do 58 il=l,nchp-1
npt=int ((chdist (11+2)-chdist (ii)) /step)
if (npt.le.0)npt=l

c write(6,*)npt,chdist(il),chdist(il+l),,step
stepl= (chdist (il+1) -chdist (ii)) /npt

c write(6,912)chdiam(nchp-1),chdiam(nchp)
c 912 format(lx,2el1.4)

rl=chdiam(il) *5
c areal=pi*rl*rl

do 57 i~1,npt
zz~zz+stepl

if P(zz .gt .chdist (nchp) )zz=chdist (nchp)
diam= (zz-chdist (ii))! (chdist (il+1ý)-chdist (ii))
diam=chdiam(i1)+cliam* (chciiam(iI+1)-chdiam(il))
r2=C.5*diam
area2=pi*r2*r2
bvol2=bvoll+stepl*pi/3. *(rl*rl+rl*r2+r2*r2)
if (zz .gt.distbp)then
if (intsw.eq.0)then
diam=(distbp-chdist(ii))/(chdi'st(i14-1)-chdiz-t(ilflI
diarn=chdiam(i1)+diam*(chdiam(i1+l)-chdiam(i1))
r2a=0.5*diam
area2=pi*r2a*r2a
stepla=stepl- (zz-distbp)
bvol2=bvoll+stepla*pi/3.* (rl*rl+rl*r2a+r2a*r2a)
bintl=bint (1)+0. 5*stepla* (bvoll/areal+bvol2/area2)
bint (2) =bvol2*bvol2/area2/area2
bint (3) =bint (3) +0. 5*stepla* (bint (1)*areal+bintl*area2)
bint(4)=bint(4)+.5*stepla*(bvoll*bvoll/areal+bvol2*bvol2/area2)

c bint(5)=bi-nt(5)+.5*stepla*(1./areal+1./area2)
bint (6)=bvol2/area2/area2
bint (7)"1 ./area2/area2
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b.Lnt (1) =bintl
bvoll=bvol2
areal-area2-areaa
area2=pi *r2 *r2
area2-area2-areaa
stepla=zz-distbp
rl=r2a
bvol2=bvoll+stepla*pi/3.* (rl*rl+rl*r2+r2*r2)
bvo12=bvol2-stepla*areaa
bintlO=bint (10)+0.5*stepla* (bvoll/areal+bvol2/area2)
bint5-barnt(5)+0.5*stepla*(1./areal +1./area2)
bint (2) =bvol2*bvol2/area2/area2

c bint(3)=bint(3)+O.5*stepla*(bint(l)*areal+bintl*area2)
bint(4)=bint(4)+.5*stepla*(bvoll*bvoll/areal+bvol2*bvol2/area2)

c bint(5)=bint(5)+.5*stepla*(l./areal+1./area2)
bint (6) =bvol2/area2/area2
bint (7) =1./area2/area2

c bint5a=bint5o+.5*stepla*(1./areal + l./area2)
bint(8)=bint(8)+.5*stepla*(areal*bint(5) + bint5*area2)
bint(9)=bint(9)+.5*stepla*(areal*bint(10)+area2*bintlO)
bint (1O)=bintl0
bint (l)=bintl
bint (5)=bint5

c bint5o=bint5a
areal~area2
bvoll=bvol2
rl=r2
intsw=1
go to 57
else
area2=area2-areaa
bvol2=bvol2-stepl *areaa
bintl0=bint(10)+0.5*stepl*(bvoll/areal+bvol2/area2)
bint (2) =bvol2*bvol2/area2/larea2

c bint(3)=bint(3)+O.5*stepl*(bint(l)*areal+bintl*area2)
bint (4) =bint (4) +0. 5*stepl* (bvoll*bvoll/areal+bvol2*bvol2/area2)

c bint(5)=bint(5)+.5*stepl*(l./areal+1,./area2)
bint (6) =bvol2/area2/area2
bint (7) =1./area2/area2
bint5=bint(5)+.5*stepl*(1./areal + 1./area2)
bint(8)=bint(8)+.5*stepl*(areal*bint(5) + bint5*area2)
bint (9) =bint (9) +. 5*stepl* (areal*bint (10) +area2*bintl0)
bint (10) =bint 10

c bint(l)=bintl
bint (5) =bint5

c bint5o=birit5a
areal=area2
rl=r2
bvoll=bvol2
go to 57
endif
endif
bintl=bint (1)+0. 5*stepl* (bvoll/areal+bvol2/area2)
bint (2) =bvol2*bvol2/area2/area2
bint (3) =bint (3) +0. 5*stepl* (bint (1)*areal+bintl*area2)
bint (4) =bint (4) +0. 5*stepl* (bvoll*bvoll/areal+bvol2*bvo12/area2)

c bint(5)=bint(5)+.5*stepl*(l./areal+l./area2)
bint (6) =bvol2/area2/area2

98



biut (7) 1. /area2/area2
bint (1) =bintl
areal-~area2
rl-sr2
bveK 1bvol2

57 crorcinue
58 -ontinue

bvol=bvol2
if (ichg.eq.1) then
chdiam(nchp) =holddm
chdist (nchp) =holddt
endif

c write (6, 915)

c 915 forrnat('1',1x,'Leaving Jint')

return
end
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INTENTIONALLY LEFT BLANK.
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LIST OF SYMBOLS

p density

A(z) area at position z

A(za) area at position za

A(za) area just before the aft end of the projectile

A(za+) area just after the aft end of the projectile

AB cross-sectional area of the bore

AA cross-sectional area of the boattail

ABA area at the base of the projectile

C total charge mass

90 a constant to reconcile dimensions

m mass flux

Mp mass of projectile

P pressure

PB projectile base pressure

PBR breech pressure

PM mean pressure

Pres resistive pressure

P(za) pressure on the aft end of the projectile

t time

u velocity

V(x,t) volume as a function of distance and time

V(za,t) volume, at za, as a function of time

V(zp,t) volume, at zp, as a function of time

VP projectile velocity

derivative with respect to time
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